OXFORD

UNIVERSITY PRESS

ICBIOL_58_1_sample cover 1.indd 1

Inte grative

¢»Comparative Biology

Volume 58 Number 1 July 2018

CONTENTS

Awards, Announcements, and Appointments

1
6

Awards, Scholarships, and Grants Awarded at the SICB Meeting in January 2018

Announcement of New Assistant Editors 2018

ICB Perspectives

9

25

38

High Temperature, Oxygen, and Performance: Insights from Reptiles and Amphibians

Eric J. Gangloff and Rory S. Telemeco

Intraspecific Variation in the Information Content of an Ornament: Why Relative Dewlap Size Signals Bite Force in Some,
But Not All Island Populations of Anolis sagrei

Simon Baeckens, Tess Driessens, Katleen Huyghe, Bieke Vanhooydonck and Raoul Van Damme

Leveraging Organismal Biology to Forecast the Effects of Climate Change

Lauren B. Buckley, Anthony F. Cannistra and Aji John

Science in the Public Eye: Leveraging Partnerships
Organized by Martha Merson, Nick Hristov, & Louise Allen

Sponsored by DAB, DCB, DCE, DEDE, DNNSB & DVM

52

58

67

77

85

94

103

113

127

140

150

Errata

161

Science in the Public Eye: Leveraging Partnerships—An Introduction
Martha Merson, Louise C. Allen and Nickolay I. Hristov

Unveiling Impact Identities: A Path for Connecting Science and Society
Julie Risien and Martin Storksdieck

Science in Places of Grandeur: Communication and Engagement in National Parks

Tim Watkins, Abraham ). Miller-Rushing and Sarah J. Nelson

Beyond the Brown Bag: Designing Effective Professional Development for Informal Educators

Louise Allen, Cynthia Char, Nickolay Hristov, Tracey Wright and Martha Merson

SoYouWant to ShareYour Science . . . . Connecting to the World of Informal Science Learning

Carol Lynn Alpert

Developing Interactive Exhibits with Scientists: Three Example Collaborations from the Life Sciences Collection at the Exploratorium
Denise King, Joyce Ma, Angela Armendariz and Kristina Yu

Species Loss: Exploring Opportunities with Art—Science
Jennifer Harrower, Jennifer Parker and Martha Merson

Designing for Broad Understanding of Science Insights from Practice
Nickolay Hristov, Carol Strohecker, Louise Allen and Martha Merson

Cultivating Collaborations: Site Specific Design for Embodied Science Learning
Katherine Gill, Jocelyn Glazier and Betsy Towns

On the Cutting Edge of Research to Conserve At-Risk Species: Maximizing Impact through Partnerships
Shauna R. Marquardt, Mandy Annis, Ryan G. Drum, Stephanie Longstaff Hummel, David E. Mosby and Tamara Smith

Exposing the Science in Citizen Science: Fitness to Purpose and Intentional Design

Julia K. Parrish, Hillary Burgess, Jake F. Weltzin, Lucy Fortson, Andrea Wiggins and Brooke Simmons

Errata

OXFORD G’ OPEN

£Zojorg aaneredwoy) « danerSoyu

8L0Z AIN[ | 4oquinN 8§ SwnjoA

a10Ixo

TR A '.rmvw T

145N 1540-7063 (PRINT)
ISSN 1557:7023 (ONLINE)

Inte grative
Comparative Biolo oy

Volume 58 Number 1 July 2018

academic.oup.com/icb

20-07-2018 16:30:01



academic.oup.com/icb

Integrative and Comparative Biology

Society for Integrative and Comparative Biology

Integrative and Comparative Biology (ICB) publishes high-impact, peer-reviewed articles in integrative, comparative and organismal biology.
Many papers communicate the proceedings of symposia and other events at the annual meeting of the Society for Integrative and Comparative
Biology. However, we also publish forward-looking review, synthesis, perspectives and empirical articles selected by the editorial board. More
information about this second category of papers is available at: https://academic.oup.com/icb/pages/direct_submission.

Editor-in-Chief
Lynn B. Martin, University of South Florida

Managing Editor

Suzanne C. Miller

Associate Editors

Anna Ahn, Harvey Mudd College

Ryan Earley, University of Alabama

Cameron K. Ghalambor, Colorado State University
H. Art Woods, University of Montana

Assistant Editors

Divisional Representatives
Animal Behavior (DAB)
Tracy Langkilde (2021), Penn State University
Comparative Biomechanics (DCB)
Tyson Lee Hedrick (2022), University of North

Carolina, Chapel Hill
Comparative Endocrinology (DCE)

Rosemary Knapp (2023), University of Oklahoma
Comparative Physiology & Biochemistry (DCPB)
Donovan German (2021), University of California,
Irvine
Ecoimmunlogy & Disease Ecology (DEDE)
Ken Field (2020), Bucknell University
Ecology & Evolution (DEE)
Michael Dillon (2022), University of Wyoming
Evolutionary Development Biology (DEDB)
David Platchetzki (2023), University of New
Hampshire
Invertebrate Zoology (DIZ)
Bruno Pernet (2020), California State University
Neurobiology (DNB)
Petra Lenz (2023), University of Hawai‘i at Manoa
Phylogenetics and Comparative Biology (DPCB)
Lars Schmitz (2019), W.M. Keck Science
Department of Claremont McKennae, Pitzer,
and Scripps Colleges
Vertebrate Morphology (DVM)
Sharlene Santana (2021), University of Washington

Assistant Editors (non division representatives):

Manny Azizi (2019), University of California, Irvine
Robert Cox (2022), University of Virginia
David Julian (2019), University of Florida

James Gillooly (2022), University of Florida

Anjali Goswami (2022), University College London
Stephane Hourdez (2020), Centre National pour la
Recherche Scientifique Roscoff Marine Laboratory
Brent Sinclair (2022), University of Western Ontario
Ann Tarrant (2019), Woods Hole Oceanographic
Institution

Social Media Manager

Isaac Ligocki, University of California, Davis

Executive Officers, Society for Integrative and
Comparative Biology

President
Louis Burnett (2019)
President-Elect
Elizabeth L. Brainerd (2019)
Past President
Peter Wainwright (2019)
Secretary
Alice Gibb (2021)
Program Officer
Susan Williams (2020)
Program Officer Elect
Richard Blob (2018)
Treasurer
Karen Martin (2019)
Members-At-Large
April Hill (2019)
Creagh Breuner (2020)
Divisional Chairs
DAB Chair: Jennifer Gumm (2019)
DCB Chair: Sheila Patek (2019)
DCE Chair: C. Loren Buck (2020)
DCPB Chair: Kimberly Hammond (2020)
DEDB Chair: Kim Hoke (2020)
DEDE Chair: Travis Wilcoxen (2020)
DEE Chair: Robert Cox (2019)
DIZ Chair: Kenneth M. Halanych (2020)
DNNSB Chair: Michael Baltzley (2020)
DPCB Chair: Kerin Claeson (2019)
DVM Chair: John Hutchinson (2019)
Editor-in-Chief, ICB: Lynn B. Martin (2021)
SPDAC Chair: Zen Faulkes (2019)
Ed. Council Chair: Bram Lutton (2021)
BPC Chair: Stacey Combes (2019)
Executive Director: Brett J. Burk

Cover image: Left: Joshua tree roots with mycorrhizal fungi soil 3, acrylic paint, Joshua tree seed oil, alcohol, soap; Right: Joshua
tree roots with mycorrhizal fungi soil I, acrylic paint, Joshua tree seed oil, alcohol, soap.

Artist/scientist: Juniper Harrower, juniperharrower.com.

ICBIOL_58_1_sample cover 1.indd 2

Environmental

& Ethical Policies

Oxford Journals is committed to implementing
environmentally friendly policies and practices.
Where possible we use environmentally accredited

papers. Look out for the FSC and SFl logos on our journals.

For more information visit:

academic.oup.com/journals/pages/about_us/ethical_policies

OXTORD

UNIVERSITY PRESS

20-07-2018 16:33:10



Integrative and Comparative Biology

Volume 58 Number 1 July 2018

Society for Integrative and Comparative Biology

CONTENTS

Awards, Announcements, and Appointments

1 Awards, Scholarships, and Grants Awarded at the SICB Meeting in January 2018
6 Announcement of New Assistant Editors 2018

ICB Perspectives

9 High Temperature, Oxygen, and Performance: Insights from Reptiles and Amphibians
Eric J. Gangloff and Rory S. Telemeco

25 Intraspecific Variation in the Information Content of an Ornament: Why Relative Dewlap Size
Signals Bite Force in Some, But Not All Island Populations of Anolis sagrei
Simon Baeckens, Tess Driessens, Katleen Huyghe, Bieke Vanhooydonck and Raoul Van Damme

38 Leveraging Organismal Biology to Forecast the Effects of Climate Change
Lauren B. Buckley, Anthony F. Cannistra and Aji John

Science in the Public Eye: Leveraging Partnerships
Organized by Martha Merson, Nick Hristov, & Louise Allen
Sponsored by DAB, DCB, DCE, DEDE, DNNSB & DVM

52 Science in the Public Eye: Leveraging Partnerships—An Introduction
Martha Merson, Louise C. Allen and Nickolay I. Hristov

58 Unveiling Impact Identities: A Path for Connecting Science and Society
Julie Risien and Martin Storksdieck

67 Science in Places of Grandeur: Communication and Engagement in National Parks
Tim Watkins, Abraham ). Miller-Rushing and Sarah J. Nelson

77 Beyond the Brown Bag: Designing Effective Professional Development for Informal Educators
Louise Allen, Cynthia Char, Nickolay Hristov, Tracey Wright and Martha Merson

85 So You Want to Share Your Science . ... Connecting to the World of Informal Science Learning
Carol Lynn Alpert

94 Developing Interactive Exhibits with Scientists: Three Example Collaborations from the Life
Sciences Collection at the Exploratorium
Denise King, Joyce Ma, Angela Armendariz and Kristina Yu

103 Species Loss: Exploring Opportunities with Art—Science
Jennifer Harrower, Jennifer Parker and Martha Merson

113 Designing for Broad Understanding of Science Insights from Practice
Nickolay Hristov, Carol Strohecker, Louise Allen and Martha Merson

127 Cultivating Collaborations: Site Specific Design for Embodied Science Learning
Katherine Gill, Jocelyn Glazier and Betsy Towns

140 On the Cutting Edge of Research to Conserve At-Risk Species: Maximizing Impact through
Partnerships
Shauna R. Marquardt, Mandy Annis, Ryan G. Drum, Stephanie Longstaff Hummel, David E. Mosby and
Tamara Smith

150 Exposing the Science in Citizen Science: Fitness to Purpose and Intentional Design
Julia K. Parrish, Hillary Burgess, Jake F. Weltzin, Lucy Fortson, Andrea Wiggins and Brooke Simmons

Errata
161 Errata


http://www.oxfordjournals.org/

Subscriptions

A subscription to Integrative and Comparative Biology comprises 6
issues. Prices include postage; for subscribers outside the Americas,
issues are sent air freight. Airmail rates are available on request.
Integrative and Comparative Biology Advance Access contains papers
that have recently been accepted but have not yet been included
within an issue. Advance Access is updated daily.

Annual Subscription Rate (Volume 58, 6 issues, 2018)
Institutional

Print edition and site-wide online access: US$1142/£601/€901
Print edition only: US$1052/£554/€831

Site-wide online access only: US$849/£447/€670

Please note: US$ rates apply in the US and Canada, € in Europe, and
UK% in the UK and Rest of World. Payment for orders to be delivered
within Europe (excluding the UK) should be made in euros.

There are other subscription rates available; for a complete listing,
please visit academic.oup.com/icb/subscribe.

Full prepayment in the correct currency is required for all orders.
Orders are regarded as firm, and payments are not refundable.
Subscriptions are accepted and entered on a complete volume basis.
Claims cannot be considered more than four months after publication
or date of order, whichever is later. All subscriptions in Canada are
subject to GST. Subscriptions in the EU may be subject to European
VAT. If registered, please supply details to avoid unnecessary charges.
For subscriptions that include online versions, a proportion of the
subscription price may be subject to UK VAT. Personal rates are
applicable only when a subscription is for individual use and are not
available if delivery is made to a corporate address.

The current year and two previous years issues are available from
Oxford University Press. Previous volumes can be obtained from the
Periodicals Service Company, 11 Main Street, Germantown, NY
12526, USA. E-mail: psc@periodicals.com. Tel: (518) 537-4700. Fax:
(518) 537-5899. Web: www.periodicals.com/oxford.

Contact information: Journals Customer Service Department, Oxford
University Press, Great Clarendon Street, Oxford OX2 6DP, UK. E-mail:
jnls.cust.serv@oup.com. Tel: +44 (0)1865 353907. Fax: + 44 (0)1865
353485. In the Americas, please contact: Journals Customer Service
Department, Oxford University Press, 2001 Evans Road, Cary, NC 27513,
USA. E-mail: jnlorders@oup.com. Tel: (800) 852-7323 (toll-free in USA/
Canada) or (919) 677-0977. Fax: (919) 677-1714. In Japan, please
contact: Journals Customer Service Department, Oxford University
Press, Tokyo 4-5-10-8F Shiba, Minato-ku, Tokyo 108-8386, Japan.
E-mail: custserv.jp@oup.com. Tel: (03) 3813 1461. Fax: (03) 3818 1522.

Methods of payment: (i) Cheque (payable to Oxford University Press,
Cashiers Office, Great Clarendon Street, Oxford OX2 6DP, UK) in
GB£ Sterling (drawn on a UK bank), US$ Dollars (drawn on a US
bank), or EU€ Euros. (ii) Bank transfer to Barclays Bank Plc, Oxford
Group Office, Oxford (bank sort code 20-65-18) (UK), overseas only
Swift code BARC GB 22 (GB£ Sterling to account no. 70299332,
IBAN GB89BARC20651870299332; US$ Dollars to account no.
66014600, IBAN GB27BARC20651866014600; EU€ Euros to account
no. 78923655, IBAN GB16BARC20651878923655). (iii) Credit card
(Mastercard, Visa, Switch or American Express).

Postal information

Integrative and Comparative Biology (ISSN 1540-7063) is published
six times a year, in July, August, September, October, November, and
December, by the Society for Integrative and Comparative Biology, 1313

Dolley Madison Blvd., Ste. 402, McLean, VA 22101. Periodicals Postage
Paid at McLean, VA, and additional mailing offices. Postmaster:
send address changes to ICB, Customer Service Department, Oxford
Journals, 2001 Evans Road, Cary, NC 27513-2009.

Oxford Journals Environmental and
Ethical Policies

Oxford Journals, a division of Oxford University Press, is committed
to working with the global community to bring the highest quality
research to the widest possible audience. Oxford Journals will protect
the environment by implementing environmentally friendly policies
and practices wherever possible. Please see academic.oup.com/
journals/pages/about_us/ethical_policies for further information on
environmental and ethical policies.

Permissions

For information on how to request permissions to reproduce articles
or information from this journal, please visit academic.oup.com/
journals/pages/access_purchase/rights_and_permissions.

Advertising

Advertising, inserts and artwork enquiries should be addressed
to Advertising and Special Sales, Oxford Journals, Oxford
University Press, Great Clarendon Street, Oxford, OX2 6DP, UK.
Tel: +44 (0)1865354767. Fax: +44 (0)1865 353774. E-mail:
jnlsadvertising@oup.com.

Disclaimer

Statements of fact and opinion in the articles in Integrative and
Comparative Biology are those of the respective authors and
contributors and not of Integrative and Comparative Biology, the
Society for Integrative and Comparative Biology, or Oxford University
Press. Neither Oxford University Press, the Society for Integrative and
Comparative Biology, nor Integrative and Comparative Biology make
any representation, express or implied, in respect of the accuracy of
the material in this journal and cannot accept any legal responsibility
or liability for any errors or omissions that may be made. The reader
should make her or his own evaluation as to the appropriateness or
otherwise of any experimental technique described.

© 2018 The Society for Integrative and Comparative Biology

All rights reserved; no part of this publication may be reproduced,
stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, or otherwise
without prior written permission of the publisher or a license
permitting restricted copying issued in the UK by the Copyright
Licensing Agency Ltd, 90 Tottenham Court Road, London W1P 9HE,
or in the USA by the Copyright Clearance Center, 222 Rosewood
Drive, Danvers, MA 01923.

Integrative and Comparative Biology is printed on acid-free paper that
meets the minimum requirements of ANSI Standard Z39.48-1984
(Permanence of Paper).

Oxford University Press is a department of the University of Oxford.
It furthers the University’s objective of excellence in research,
scholarship, and education by publishing worldwide.

Integrative and Comparative Biology is covered by the following major
indexing services: Aquatic Sciences and Fisheries Abstracts, Biological
Abstracts, Biological and Agricultural Index, Chemical Abstracts,
Current Contents, General Science Index, MEDLINE, Science Citation
Index, and Zoological Record.

Typeset by Cenveo Publisher Services, Bangalore, India; Printed by
Sheridan Press, USA.



doi:10.1093/icb/icy030

Integrative and Comparative Biology

Integrative and Comparative Biology, volume 58, number 1, pp. 1-2

Society for Integrative and Comparative Biology

Awards, Scholarships, and Grants Awarded at the SICB Meeting in

]anuary 2018

BEST STUDENT PRESENTATION AWARD WINNERS 2018

DAB

Oral Presentation

Oral Presentation

DCB

Oral Presentation—Mimi A.R. Koehl and Steven Wainwright Award

Poster Presentation—Steven Vogel Award

DCE
Oral Presentation—Aubrey Gorbman Award
Poster Presentation—Lynn Riddiford Award

DCPB

Oral Presentation—Louis Guillette Award

Poster Presentation—Louis Guillette Award

DEDB

Oral Presentation

Poster Presentation

DEDE

Oral Presentation

Poster Presentation

DEE

Oral Presentation—Raymond Huey Award
Poster Presentation—Raymond Huey Award
DIZ

Oral Presentation
Poster Presentation

Wenner Strong Inference Award

DNNSB

Oral Presentation

Poster Presentation

Sydney Hope, Virginia Tech

Margaret Tanner;, University of Colorado, Denver

Alexis Noel, Georgia Tech
Michelle Graham, Virginia Tech

Nathaniel Rieger, UW Madison

Brenna Gormally, Tufts University

Samantha Leigh, University of California Irvine

Pegah Nabili, Lake Forest College

Allan Carrillo-Baltodano, Clark University

Stephanie Neal, University of Florida

Tosha R. Kelly, University of Western Ontario
Ashley C. Love, Oklahoma State University

Alisha Shah, Colorado State University
Meredith Miles, Wake Forest University

Elizabeth Clark, Yale University
Kelsey Nannini, California State University Fullerton

Emily Richardson, College of William and Mary

Diana Li, Stanford University

Teisha King, Louisiana State University

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
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2 Awards, scholarships, and grants awarded at the SICB meeting

DPCB

Oral Presentation—David and Marvalee Wake Award Daniel ). Paluh, University of Florida
Poster Presentation—David and Marvalee Wake Award Madison Sage Wiltse, Pitzer College
DVM

Oral Presentation—D. Dwight Davis Award Kristin Stover, UC Irvine

Poster Presentation—Karel F. Liem Award Dylan Wainwright, Harvard University

2018 DOROTHY H. SKINNER AWARD

Awarded to Kirstin Brink, University of British Columbia

2018 GEORGE A. BARTHOLOMEW AWARD

Awarded to Caroline Williams, University of California, Berkeley

2018 M. PATRICIA MORSE AWARD

Awarded to William Hoese, California State University, Fullerton

2018 LIBBIE HYMAN MEMORIAL SCHOLARSHIP

Awarded to Matthew Boot of Ohio State University
Andre LaBuda of California State University, Los Angeles

2018 JOHN A. MOORE LECTURE
Awarded to Katayoun Chamany, Eugene Lang College

2018 HOWARD BERN AWARD

Awarded to David Norris, University of Colorado, Boulder
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Awards, Scholarships, and Grants Awarded at the SICB Meeting in
January 2018

FELLOWSHIPS FOR GRADUATE STUDENT TRAVEL (FGST) AWARDS 2018

Levi Storks, The University of Missouri, Columbia
“Behavioral flexibility and its neuronal substrates across urban and forest habitats”

Christian Brown, University of South Florida, Tampa
“Tracking salamanders to track climate change: using PIT telemetry to describe elevational range shifts in
Ambystoma tigrinum nebulosum”

Joshua Goldberg, University of California, Riverside
“Population size structure as an agent of evolutionary change”

Austin Spence, University of Connecticut
“Will oxygen limit climate-induced range shifts?”

Emily Richardson, The College of William and Mary
“Assessing the causes and prevalence of cloning in larval crown-of-thorns seastars: implications for esti-
mating and modeling dispersal potential”

Anthony Gilbert, Ohio University
“Phenotypic plasticity along an extinction-risk gradient: the synergy of multiple plastic responses in
avoiding demographic collapse”

Hayden Davis, Villanova University
“Convergent evolution of Cyrtodactylus in Bornean karst formations”

SICB GRANTS IN AID OF RESEARCH (GIAR) 2018

Sarah Amonett, The University of Mississippi
“Maternal antibody transmission against a novel pathogen in Eastern bluebirds”

Ashley Love, Oklahoma State University
“Maternal disease and offspring telomere length”

Alexa Lindauer, The University of Nevada, Reno
“Out of the frying pan, into the fire: does drought-induced tadpole stress exacerbate disease susceptibility
post metamorphosis?”

Kimberly Berrier, California State University, Northridge
“Adaptive evolution or preadapted tactics? A genomic approach to identifying the mechanisms underlying
invasion success”

Theresa Gunn, Georgia Southern University
“Physiological regulation of stingray color change”

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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4 Awards, scholarships, and grants awarded at the SICB meeting

Thomas Boag, Stanford University
“Evaluating the effects of climate change on metabolic habitat loss and competitive exclusion potential
between the red abalone (Haliotis rufescens) and purple sea urchin (Strongylocentrotus purpuratus) along the
Central California coastal upwelling zone”

Dina Navon, The University of Massachusetts, Amherst
“Building a bigger fin: recruitment of wnt7aa during cichlid fin development via a novel enhancer”

Linyi Zhang, Rice University
“Why are insects so diverse: testing the repeatability of ecological and genetic divergence across a com-
munity of gall wasps”

Sarin Tiatragul, Auburn University
“Fitness consequence of nesting behavior in urban lizards”

Rachel Moran, University of Illinois at Urbana—Champaign
“Using linkage maps to compare chromosomal structure between two diverging species of darters”

Rachel Petersen, New York University
“Mechanisms of cryptic female choice in a non-human primate”

Magalie Valere Rivet, Loma Linda University

“Expression profiles of hypoxia inducible factor (HIF) in the hermit crab Pagurus samuelis under hypoxic
conditions”

Aaron Griffing, Marquette University
“Differential regenerative ability in New Caledonian geckos (Correlophus): an untapped evolutionary model
to study tail regeneration”

Shumpei Maruyama, Oregon State University
“The identification of symbiosis-specific proteins in a cnidarian-algal symbiosis using aptamer Cell-SELEX”

Keegan Melstrom, University of Utah
“Quantifying the relationship between diet and dental morphology through the ontogeny of herbivorous
squamates”

Leann Louis, University of California, Berkeley
“How does the bone resorption that occurs when a bird is laying an egg influence bone morphology and
mechanical properties?”

Grace Capshaw, University of Maryland, College Park
“Exploring extratympanic sound transmission pathways for hearing in ‘earless’ vertebrates”

Brooke Sykes, University of Mississippi
“Consequences of heat-stress in an altricial songbird”

Sarah Wenner, California State University, Northridge
“Conservation genetics of an emblematic reptile in urban Southern California”

Casey Coomes, The University of Tennessee, Knoxville
“If you can’t take the heat: the effects of heat stress on mating behaviors in songbirds”
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Alisha Shah, Colorado State University
“Assessing the combined effects of temperature and predation on elevation range limits of temperate and
tropical mayflies”

Jessica Cusick, Florida State University
“Investigating proximate causes of interindividual variation in cooperative behavior”

Kelly Robinson, San Diego State University
“Coevolution of venom and venom resistance in rattlesnakes and small mammals”

Emily Powell, University of Miami
“The role of visual mate-recognition signals in the reinforcement of reproductive isolation in the black-
spotted least gecko (Sphaerodactylus
nigropunctatus) complex”

Melissa Ingala, The American Museum of Natural History
“You are more than what you eat: functional contribution of the microbiome to metabolism in frugivorous
bats”

Victor Munteanu, Clemson University
“Effects of ecological transitions on locomotor morphology: did changing bone loads facilitate limb elon-
gation in arboreal vertebrates?”

Lisa Treidel, University of California, Berkeley
“The metabolic cost of resource availability fluctuations: does metabolic plasticity during starvation come
with the cost of in vivo reactive oxygen species (ROS) production?”

Nicole Weigand, Ohio University
“Evaluating potential effects of proximity to roads in a road-naive population of turtles”
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Announcement of New Assistant Editors 2018

Robert Cox
Robert Cox is an Associate Professor in the
Department of Biology at the University of

Virginia. His research explores the evolution of dif-
ferences between males and females by integrating
comparative analyses, hormone manipulations,
quantitative and molecular genetics, and field studies
of natural and sexual selection. Bob received his BA
in 1999 from the College of the Holy Cross and his
PhD in 2005 from Rutgers University, where he
studied the endocrine basis of sexual dimorphism
with Henry John-Alder. He conducted postdoctoral
research on avian skin physiology with Joe Williams
at Ohio State University and on sexual conflict in
Anolis lizards with Ryan Calsbeek at Dartmouth
College before joining the University of Virginia fac-
ulty in 2011. Bob is a recipient of the George A.
Bartholomew Award, Chair of the SICB Division of
Ecology and Evolution, and also serves on the edi-
torial board for Physiological and Biochemical
Zoology.

Jamie Gillooly

Jamie Gillooly is an Associate Professor of Biology at
the University of Florida. His research typically fo-
cuses on describing and explaining broad-scale pat-
terns in organismal biology based on principles of
energetics. Jamie received his BA in English
Literature from the University of Michigan in 1988,
and his PhD in Zoology from the University of

Wisconsin-Madison in 2000. Before joining the fac-
ulty at Florida, he went on complete a postdoctoral
fellowship at the University of New Mexico under
the guidance of Jim Brown and Eric Charnov.
Jamie currently serves on the editorial board of
Proceedings of the Royal Society, Physiological
Zoology and Biochemistry, and Evolutionary
Ecology Research.

Anjali Goswami

Anjali Goswami is a Research Leader in the
Department of Life Sciences at the Natural History
Museum and an Honorary Professor in the
Department of Genetics, Evolution & Environment
at University College London. Her research focuses
mainly, but not exclusively, on vertebrate evolution
and development, especially using 3D morphometric
methods to incorporate data from embryos to fossils
to test genetic and developmental hypotheses of
modularity and morphological diversity and to re-
construct macroevolutionary patterns through deep
time. She also conducts palacontological fieldwork in
India and Argentina, focusing on the period sur-
rounding the last mass extinction. She received her
BS from the University of Michigan in 1998 and her
PhD from the University of Chicago in 2005. After
completing a US National Science Foundation inter-
national research fellowship at the Natural History
Museum, London, she was appointed as a lecturer at
the University of Cambridge in 2007, moving to
University College London from 2009 to 2017, where
she was jointly appointed as Professor of
Palacobiology in the Department of Genetics,
Evolution & Environment and the Department of

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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Announcement of new assistant editors

Earth Sciences. She has previously served on the
boards of PLoS One, Palaeontology, and the Journal
of Vertebrate Paleontology and is currently an
Associate Editor or on the editorial board for
Evolution, Evolution Letters, Biology Letters, and
Palaeobiology.

Rosemary Knapp

Rosemary Knapp is a Professor in the Biology
Department at the University of Oklahoma. Her re-
search focuses on the evolution and endocrine mech-
anisms underlying parental, and especially paternal,
behavior, and within-sex variation in reproductive
behavior as exemplified by species with male alter-
native reproductive tactics. She received her BS from
Cook College of Rutgers University in 1984, con-
ducting her honors research with Tim Casey, and
an MS from the University of Wisconsin in 1987,
advised by Jack Hailman. She subsequently served
as Assistant Director of Introductory Biology
Laboratories at Barnard College, where she also con-
ducted research in neuroendocrinology with Rae
Silver. In 1990, she began pursuing her PhD at
Arizona State University with Mike Moore. After
completing her PhD in 1996, she was a National
Institutes of Mental Health postdoctoral fellow in
Neurobiology & Behavior at Cornell University
with Andrew Bass. In 1998, she became an
Assistant Professor at the University of Oklahoma.
She has previously served on the boards of the
Proceedings of the Royal Society B Biological Sciences
and Hormones and Behavior.

Petra H. Lenz

Petra H. Lenz is a Research Professor at the Pacific
Biosciences Research Center at the University of
Hawaii at Manoa. She received a BA from the
University of California, San Diego in 1976, and her
PhD from the University of California Santa Barbara in
1983. She is a physiological ecologist who has worked on
the behavior, sensory physiology, and genetic profiling of
marine zooplankton. Currently, she is investigating sen-
sorimotor systems of copepods to determine how these
organisms detect and integrate mechanosensory infor-
mation to escape from predators such as larval fishes. In
addition, she studies the physiology of post-embryonic
diapause in high-latitude copepods focusing on omics
signals, predictive of population responsiveness to envi-
ronmental change. She is a member of the editorial board
of the Journal of Plankton Research.



Deleted Text: u
Deleted Text: `

David Plachetzki

David Plachetzki is an Assistant Professor in the
Department of Molecular, Cell and Biomedical
Sciences at the University of New Hampshire. The
Plachetzki lab integrates phylogenetics, genomics,
and functional data to ask questions on the origins
of novel traits in evolution. Current projects include
investigations into the origins of the animal senses,
the origins of novel cell types in cyclostome crani-
ates, and the origins of novel symbiotic relationships
in sponges. Dr. Plachetzki received his PhD from the
University of California at Santa Barbara in 2009,
where Todd H. Oakley advised him. Following grad-
uate work, Dr. Plachetzki held postdoctoral fellow-
ships with the Center for Population Biology and the
Lifesciences Research Foundation/HHMI, both at the
University of California at Davis, where he worked
with Richard K Grosberg and Artyom Kopp. Dr.
Plachetzki joined the University of New Hampshire
as faculty in 2014. He is the recipient of the 2012
Research Award in Animal Science, Veterinary
Research, and Zoology from BioMed Central
Journals and the 2008 Buschbaum Prize for
Excellence in Photomicrography from the American
Microscopical Society.

Announcement of new assistant editors

Brent Sinclair

Brent Sinclair hails from New Zealand, and did his
undergraduate degree and PhD at the University of
Otago, working on ecology and physiology of
Antarctic and alpine arthropods with Dr. David
Wharton. After a year as a climbing bum, he spent
three years as a postdoc with Prof. Steven Chown in
Stellenbosch, South Africa, where he continued his
alpine and Antarctic work, before moving to a post-
doc at University of Nevada Las Vegas where Dr.
Steve Roberts did his best to turn him into a
Drosophila functional genomicist. Since 2006, Brent
has been at the University of Western Ontario, where
he is now a full professor. Brent’s current research
ranges from molecular physiology to evolutionary
biology, almost all related to insects in the cold.
He works on applied questions, particularly the over-
wintering biology of crop and forest pests, as well as
the thermal biology of arthropods in the cold. He is
proud to report that the students he trains all end up
better at this science gig than he is.




Integrative and Comparative Biology

Integrative and Comparative Biology, volume 58, number 1, pp. 9-24

doi:10.1093/icb/icy005 Society for Integrative and Comparative Biology

INVITED PERSPECTIVES

High Temperature, Oxygen, and Performance: Insights from
Reptiles and Amphibians

Eric J. Gangloff * and Rory S. Telemeco™

*Department of Ecology, Evolution, and Organismal Biology, Iowa State University, Ames, IA 50011, USA; "Department
of Biology, California State University Fresno, Fresno, CA 93740, USA

The first two authors contributed equally to this work.

*Present address: Station d’Ecologie Théorique et Expérimentale du CNRS, 09200 Moulis, France

'E-mail: telemeco@csufresno.edu

Synopsis Much recent theoretical and empirical work has sought to describe the physiological mechanisms underlying
thermal tolerance in animals. Leading hypotheses can be broadly divided into two categories that primarily differ in orga-
nizational scale: 1) high temperature directly reduces the function of subcellular machinery, such as enzymes and cell
membranes, or 2) high temperature disrupts system-level interactions, such as mismatches in the supply and demand of
oxygen, prior to having any direct negative effect on the subcellular machinery. Nonetheless, a general framework describing
the contexts under which either subcellular component or organ system failure limits organisms at high temperatures remains
elusive. With this commentary, we leverage decades of research on the physiology of ectothermic tetrapods (amphibians and
non-avian reptiles) to address these hypotheses. Available data suggest both mechanisms are important. Thus, we expand
previous work and propose the Hierarchical Mechanisms of Thermal Limitation (HMTL) hypothesis, which explains how
subcellular and organ system failures interact to limit performance and set tolerance limits at high temperatures. We further
integrate this framework with the thermal performance curve paradigm commonly used to predict the effects of thermal
environments on performance and fitness. The HMTL framework appears to successfully explain diverse observations in
reptiles and amphibians and makes numerous predictions that remain untested. We hope that this framework spurs further
research in diverse taxa and facilitates mechanistic forecasts of biological responses to climate change.

Introduction populations, largely inspired by growing concern over

For most animals, the proximate mechanisms that
underlie reduced performance and eventual death at
high temperatures, and how such mechanisms might
change with ontogeny and context, are uncertain
(reviewed in Angilletta 2009; Clark et al. 2013;
Portner et al. 2017). Such a mechanistic understanding
would greatly enhance our ability to predict the effects
of realistic high-temperature exposures on individuals
or populations, which are difficult to forecast with
traditional methods because responses can be highly
variable (e.g., Gunderson and Stillman 2015; Seebacher
et al. 2015; Kingsolver and Woods 2016; Sheldon and
Dillon 2016; Williams et al. 2016). Even so, much
progress has been made toward developing mechanis-
tic models that use knowledge of individual physiol-
ogy to predict the effects of thermal environments on

Advance Access publication May 2, 2018

the impacts of global climate change (Buckley 2008;
Kearney and Porter 2009; Huey et al. 2012; Kearney
2012; Levy et al. 2015 Malishev et al. 2018).
Commonly, such models employ empirically-derived
thermal performance curves (TPC, Huey and
Stevenson 1979, all terms and abbreviations are de-
fined in Box 1) to predict the effects of thermal envi-
ronments on organisms and populations (e.g. Colwell
et al. 2008; Deutsch et al. 2008; Vasseur et al. 2014;
Buckley and Huey 2016; Dillon et al. 2016). TPCs
describe how performance varies with temperature—
typically performance increases with temperature
above a critical minimum (CTyy) until an optimum
is reached (Topr), then rapidly drops to zero at the
critical maximum (CTyax, see Fig. 1 for examples).
Pejus (getting worse) temperatures above and below

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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Box 1 List of terms and abbreviations

E.J. Gangloffand R. S. Telemeco

ATP Adenosine triphosphate
active-aerobic TcriT

resting-aerobic TcriT

Critical temperature where aerobic respiration is maximized for active individuals (i.e., \I/OZMAX is maximized, "C)

Critical temperature where aerobic respiration would be maximized for resting individuals, assuming they survive to

such high temperatures (i.e., Vo rest is maximized, °C)

subcellular TcriT

Critical temperature for subcellular function ("C)

Oxygen- and Capacity-Limited Thermal Tolerance hypothesis (sensu Pértner 2002 and Portner et al. 2017)

CTmax Ciritical thermal maximum (°C)

HMTL Hierarchical Mechanisms of Thermal Limitation hypothesis

HSP Heat shock protein

MPMO Multiple Performances — Multiple Optima hypothesis (sensu Clark et al. 2013)

OCLTT

Toare Gaping temperature: Temperature at which animals gape to promote evaporative cooling ("°C)
TLeTHAL Lethal temperature: Temperature at which an organism dies under acute exposure ("C)

Topt Optimal temperature for performance (°C)

TeanT Panting temperature: Temperature at which animals pant to promote evaporative cooling (*C)
Trgus Pejus (i.e. getting worse) temperature ("C, sensu Frederich and Portner 2000)

TPC Thermal performance curve (sensu Huey and Stevenson 1979)

PBT Preferred body temperature ("C)

P Oxygen partial pressure below which CTyax is reduced (kPa) (sensu Ern et al. 2016)

Po, Partial pressure of oxygen (kPa)

Pco, Partial pressure of carbon dioxide (kPa)

\702 Oxygen consumption rate (generally mL O, min™")

Topr are described by breakpoints in physiological
function (e.g., ventilation rate, heart rate, Pp ) indic-
ative of rapid declines in whole-organism perfor-
mance (Tpgjus, Frederich and Portner 2000; Portner
2002; Portner et al. 2017). Typically, TPCs are esti-
mated under controlled laboratory conditions for a
single trait and time, but TPC shape can vary with
season, ontogeny, trait, and prior experience in ways
that are difficult to predict (Rezende et al. 2014;
Telemeco 2014; Kingsolver and Woods 2016;
Williams et al. 2016). Thus, using empirically-
derived TPCs to predict the effects of natural environ-
ments on performance is problematic because it
requires extrapolating from the traits or environments
originally used to estimate TPCs, thereby ignoring
probable context-dependency. A mechanistic under-
standing of the processes that underlie thermal per-
formance is needed to predict the effects of variable or
novel environments on TPC shape, which will greatly
improve models relying on TPCs to predict popula-
tion responses. In particular, knowledge of the
mechanisms that result in loss of function at high
temperatures is needed to predict the rate at which
performance will drop in response to thermal chal-
lenge, the capacity for animals to recover from sub-
lethal thermal exposure, and the capacity for thermal
tolerance to change via plasticity or evolution

(Helmuth et al. 2005; Buckley and Huey 2016;
Williams et al. 2016).

Potential mechanisms explaining why animals lose
function at high temperatures can be divided into
two major categories differing in the level of organi-
zation first affected. At lower levels of organization,
subcellular components could be critically impaired
when animals are exposed to temperatures above the
optimum. Subcellular impairment results from either
denaturation of key molecules, such as proteins and
cell membranes, or reduced efficiency of these mole-
cules to perform their biological functions (reviewed
in Hochachka and Somero 2002; Angilletta 2009;
Schulte 2015). Impairment of subcellular components
would result in the breakdown of higher levels of
organization and lead to rapid performance loss.
Alternatively, higher-levels of organization, such as
organ systems, could be impaired at temperatures
below those that directly affect the performance of
their subcellular components if high temperatures
disrupt subcellular interactions or pathways neces-
sary for organ system function. A recent mechanistic
model explaining organ-system impairment at high
temperatures is the oxygen and capacity limited
thermal tolerance (OCLTT) hypothesis, which pro-
poses that oxygen demand for aerobic metabolism at
high temperatures outpaces the ability of the
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Fig. 1 Schematic of the HMTL framework illustrating proposed relationships between body temperature, oxygen environment, me-
tabolism, thermal limits, and performance. The top row of plots displays resting and active metabolic rates as a function of temperature
within thermal and physiological limits, and the bottom row displays predicted thermal performance curves. Panel (A) displays these
relationships in normoxic environments. Data are means = s.e.m. for the snake, P. regius, from Fobian et al. (2014). These data were
used to fit curves for resting and active metabolic rate, which were then used to estimate Topr (maximal aerobic scope), resting-
aerobic Tcgrp; active-aerobic Terip, and thermal performance curve shape. The critical thermal maximum is 42°C (Fobian et al. 2014).
Panel (B) Moderate hypoxia (10-20kPa) is predicted to have no effect on CTuax or resting metabolism because resting aerobic Tcgit
is above subcellular Tcri Even so, active-aerobic Tcgir will be reduced thereby lowering aerobic scope, maximal performance, and
Topt Panel (C) Exposure to extreme hypoxia (< 10kPa) will reduce CTyax because resting-aerobic Tcgrir drops below subcellular
Tcrr Active-aerobic Tcgr Will be strongly affected by such hypoxic environments as well, with large reductions in aerobic scope,
maximal performance, and Topt. In Panels B) and C), gray lines illustrate values predicted for normoxia and are included to aid
interpretation of changes predicted to result from reduced environmental oxygen availability. Similarly, arrows in Panels B) and C)
indicate predicted displacement of maximum oxygen capacity, resting-aerobic Tcrim Topr and CTmax Values given the oxygen envi-

ronment. Subcellular TcgiT is not predicted to be affected by oxygen environment and therefore is never displaced.

cardiovascular and respiratory systems to provide suf-
ficient amounts of oxygen to tissues (Portner 2002;
Portner and Knust 2007; Verberk et al. 2016; Portner
et al. 2017). Under this hypothesis, oxygen diffusion
and transport capacity limit metabolic rates such that
resting rates converge with potential maximum rates at
high temperatures thereby reducing aerobic scope to
zero (i.e., zero aerobic power budget sensu Portner
et al. 2017). This mismatch in supply and demand
will first reduce aerobic performance at Tpgys but
eventually result in basal oxygen demands not being
met and thus collapse of organismal systems at CTyax.
Proponents of OCLTT argue that this mechanism inte-
grates across levels of organization from systemic to
molecular mechanisms and can explain diverse evolu-
tionary and ecological phenomena (Portner 2002;
Portner et al. 2017). However, the temporal window,
activity range, magnitude, and biological relevancy of
reduced aerobic scope at high temperature are debated
(Clark et al. 2013; Grans et al. 2014; Jutfelt et al. 2014;

Portner 2014; Verberk et al. 2016; Jutfelt et al. 2018).
Identifying the level of organization first impaired by
high temperature is necessary to understand how tem-
perature affects whole-organism function.

Recent work exploring the mechanisms underlying
thermal tolerance in ectotherms focuses on aquatic taxa
(e.g., Frederich and Portner 2000; Lucassen et al. 2006;
Verberk et al. 2013; Griéns et al. 2014; Ern et al. 2016;
Portner and Gutt 2016; Verberk et al. 2018) and terres-
trial arthropods, particularly insects (reviewed in
McCue and De Los Santos 2013; Verberk et al. 2016).
These observations suggest that subcellular-level mech-
anisms are more important determinants of thermal
tolerance than oxygen capacity limitations in terrestrial
taxa, perhaps because oxygen is more abundant in air
than in water. However, recent work includes few stud-
ies of terrestrial vertebrate ectotherms: non-avian rep-
tiles (hereafter, reptiles) and amphibians. Reptiles and
amphibians display varied ecology, life-history, and
thermal tolerance (Vitt and Caldwell 2009; Sunday
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etal. 2011) and are important for a broad understand-
ing of thermal tolerance. Additionally, these animals
frequently contend with challenging temperatures,
with some species inhabiting the hottest terrestrial envi-
ronments (Cowles and Bogert 1944; Vitt and Caldwell
2009; Sunday et al. 2014). Moreover, both the thermal
and oxygen environment can vary throughout ontogeny
(e.g., aquatic to terrestrial transition in amphibians), and
modes of respiration can vary (e.g., cutaneous respiration
in many amphibians and some reptiles, such as turtles;
Hutchison et al. 1968; Glass et al. 1981; Wang 2011).
Because of these traits, reptiles and amphibians have
been important models for thermal physiology and ecol-
ogy for the last century (e.g., Cowles and Bogert 1944;
Snyder and Weathers 1975; Huey and Stevenson 1979;
Huey 1982; Huey and Berrigan 2001; Vitt and Caldwell
2009; Kearney 2012). This historic work can be leveraged
to address modern ideas, such as the OCLTT hypothesis.
Furthermore, these taxa are at risk of high-temperature
induced extinction resulting from global climate change
(Thomas et al. 2004; Huey et al. 2010; Rohr and Raffel
20105 Sinervo et al. 2010; Kearney 2013). Here, we apply
the rich history of physiological studies in reptiles and
amphibians to modern hypotheses for mechanisms un-
derlying thermal performance and tolerance. This will
complete taxonomic coverage of recent reviews, and,
more importantly, further understanding of how organ-
ismal performance and survival are restricted by high
temperatures.

In this commentary, we begin by synthesizing evi-
dence for subcellular- and organ-system-level failures
underlying high temperature tolerance and perfor-
mance in reptiles and amphibians. Because neither
framework satisfactorily explains observed patterns in-
dividually, we next build upon work in other taxa to
present an integrative framework combining both sub-
cellular and organ-system sensitivity to high temper-
atures and the thermal performance curve paradigm.
Using data for reptiles and amphibians, we illustrate
how this combined framework appears to predict a
broad array of physiological and behavioral observa-
tions. We conclude by identifying future research
directions to test this framework and discuss how it
might be applied to other systems to predict conse-
quences of future high-temperature exposure for
organisms and populations.

Evidence for mechanisms underlying
thermal tolerance and performance in
reptiles and amphibians

Subcellular mechanisms

High temperatures compromise the structure and
function of subcellular components, such as enzymes

E.]. Gangloff and R. S. Telemeco

and cell membranes (Fields 2001; Hochachka and
Somero 2002) but such damage will only underlie
organismal thermal tolerance if it occurs at temper-
atures below those affecting function at higher levels
of organization, such as organ systems (Portner
2002). The complexities of enzymatic interactions
make extending observations for individual reactions
to the whole cell or organism potentially problematic
(Schulte 2015). Nonetheless, the observation that
subcellular components are frequently stable to tem-
peratures above the critical and lethal limits of ani-
mals (hereafter, CTyax and Tigrpap), commonly
maintaining function to temperatures >50°C and ca-
pable of evolving stability to 120°C (Fields 2001),
was an important motivation for the development
of hypotheses such as OCLTT (Portner 2001; 2002;
Portner et al. 2017). For example, CTyax in reptiles
and amphibians generally ranges from mid-30s to
low 40s °C (Brattstrom 1965; Sunday et al. 2011,
2014), although a few warm-adapted reptiles tolerate
acute exposure to 47.5°C such as the desert iguana
(Dipsosaurus dorsalis) (Cowles and Bogert 1944;
Brattstrom 1965). Even so, most reptile and amphibian
proteins do not lose function until they experience tem-
peratures well above CTyax. For example, ribonu-
cleases from three frog species were stable up to 85°C
and maintained high activity at temperatures >50°C
(Irie et al. 1998), lactate dehydrogenase in Agama stellio
lizards maintained both stability and function up to
70°C (Al-Jassabi 2002), and alkaline phosphatase main-
tained high function up to 50°C in four lizard species
(Licht 1964). Similarly, acute exposure to CTyax did
not cause tissue damage or reduce function of serum
glutamic-oxaloacetic or glutamic-pyruvic transami-
nases in Great Plains toads (Anaxyrus cognatus,
Paulson and Hutchinson 1987) and 2.5-h exposure to
temperatures just below CTyax had no effect on mito-
chondrial respiration or free-radical production in al-
ligator lizards (Elgaria coerulea and E. multicarinata;
Telemeco et al. 2017), implying no subcellular damage.
That said, only one key component needs to lose func-
tion for the entire organism to become compromised.
For example, the activity of myosin ATPase, a key en-
zyme for organismal muscle function, closely resembled
whole-organism thermal performance curves and de-
natured at relatively low temperatures in eight lizard
species corresponding closely to their respective
CTymax (20% denatured between 37°C and 45.2°C;
Licht 1964). Subcellular components such as ATPase
could underlie thermal tolerance even though most
components maintain function to higher temperature.

Given the complexities of subcellular interactions
and the paucity of data for the thermal performance
of subcellular components in reptiles and
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amphibians, heat shock protein (HSP) production
might better indicate whether subcellular-level com-
ponents are challenged at sub-critical high temper-
atures. HSPs commonly act as molecular chaperones,
maintaining protein structure and preventing aggre-
gations of denatured proteins, and inducible variants
are produced in response to cellular stress or damage
(Fernando and Heikkila 2000; Kregel 2002; Daugaard
et al. 2007). In diverse reptiles and amphibians, HSPs
(particularly HSPA family members) are produced in
response to sub-critical high temperatures, and pro-
duction of HSPs can allow acclimation for increased
thermal tolerance (Ulmasov et al. 1992; Fernando
and Heikkila 2000; Zatespina et al. 2000; McMillan
et al. 2011; Gao et al. 2014; Simoniello et al. 2016;
Tedeschi et al. 2016). Moreover, patterns of HSP
expression are correlated with thermal tolerance in
lizards: warm-adapted species display higher consti-
tutive HSP concentrations, and both initiate and
maintain synthesis of HSPs to higher temperatures
than more cold-adapted species (Ulmasov et al
1992; Zatespina et al. 2000). This pattern of in-
creased HSP production correlating with increases
in thermal tolerance in reptiles and amphibians,
along with observations for myosin ATPase in liz-
ards, provides compelling evidence for subcellular-
function loss playing a role in setting thermal limits,
despite other subcellular components displaying little
loss of function at relevant temperatures.

Organ-system mechanisms

Even though subcellular-level traits will be compro-
mised at sufficiently high temperatures, higher-order
systems might break down at lower temperatures
and thus be proximally responsible for setting ther-
mal tolerances (Portner 2001; 2002; Storch et al.
2014, but see Clark et al. 2013). The OCLTT hypoth-
esis proposes that the highest organizational level in
animals is the integrated cardiovascular and respira-
tory system because all tissues will be limited by their
ability to acquire oxygen for respiration, and that
this system is compromised by high temperatures
prior to other systems (Portner 2001; 2002; Storch
et al. 2014). However, similar to other terrestrial
species (Klok et al. 2004; McCue and De Los
Santos 2013; Verberk et al. 2016) and many fish
(Clark et al. 2013; Grans et al. 2014; Norin et al.
2014; Wang et al. 2014; Ern et al. 2016), evidence
for the OCLTT mechanism underlying thermal tol-
erance in reptiles and amphibians is limited. Under
the OCLTT hypothesis, maximal and resting rates of
oxygen consumption are expected to converge as
animals reach their physiological limits at high
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temperatures, thereby reducing aerobic scope and
potentially inducing a short-term reliance on anaer-
obic respiration (Frederich and Portner 2000;
Portner and Knust 2007; Elaison et al. 2011;
Verberk et al. 2013, 2016; Table 1). Some evidence
points to such a mechanism playing an important
role in early animal evolution, notably in the transi-
tion to air breathing (Berner et al. 2007; Giomi et al.
2014; Teague et al. 2017). However, the few studies
exposing animals to high temperatures and measur-
ing indicators of aerobic and anaerobic respiration
fail to find evidence for oxygen limitation in adult
reptiles and amphibians (Carey 1979; Overgaard
et al. 2012; Fobian et al. 2014; Gangloff et al. 2016;
Telemeco et al. 2017). For example, oxygen con-
sumption (VOZ) by pythons (Python regius) did not
plateau at temperatures approaching CTyax either
when at rest or during periods of high metabolic
demand (Fobian et al. 2014, Fig. 1), and resting ox-
ygen consumption in garter snakes (Thamnophis ele-
gans) increased with temperature with no apparent
limit when animals experienced near-lethal temper-
atures (Gangloff et al. 2016). Moreover, neither gar-
ter snakes (T. elegans) nor alligator lizards (E.
coerulea and E. multicarinata) transitioned to anaer-
obic respiration when exposed to near-critical tem-
peratures (Gangloff et al. 2016; Telemeco et al.
2017), despite snakes and lizards rapidly transition-
ing when oxygen availability is limited during exer-
cise (reviewed in Gleeson 1991). Observations in
amphibians are similar to those for reptiles. For ex-
ample, oxygen consumption, arterial oxygen satura-
tion, and the proportion of saturated hemoglobin
did not plateau at high temperatures in active or
resting cane toads (Rhinella marina), thus providing
evidence for these toads’ ability to maintain a posi-
tive aerobic power budget at near-critical tempera-
tures (Seebacher and Franklin 2011; Overgaard et al.
2012; Winwood-Smith et al. 2015). In both the bo-
real toad (Anaxyrus boreas) and leopard frog
(Lithobates pipiens), aerobic scope increased with
temperature up to 30°C (Carey 1979). Whole-
organism lactate concentration also increased with
temperature, but there is no indication that either
species becomes oxygen limited up to at least 30°C
(Carey 1979). These results are in line with previous
work showing that amphibians can maintain sub-
stantial aerobic scope at temperatures above active
and preferred temperatures, although not necessarily
at temperatures approaching Tiprpar (Whitford
1973). While such studies provide strong evidence
for adult reptiles and amphibians maintaining aero-
bic scope at high temperatures, we currently lack
data on tissue and cellular oxygen supply, such as
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Table 1 Experimental designs for testing aspects of the HMTL hypothesis in reptiles and amphibians with example studies

Experiment
type: Factor
manipulated

Manipulation

Dependent variable

What it demonstrates

Examples

Temperature

Ambient oxygen

Both ambient
oxygen levels
and temperature

Oxygen capacity

Observational

Temperature treat-
ments or ramp in
lab

Temperature treat-
ments in lab

Ex vivo temperature
treatments

Temperature treat-
ments in lab

Oxygen treatments
in lab

Oxygen treatments
in lab

Temperature and ox-
ygen treatments
in lab

Temperature gradient
and/or ramp and
oxygen treatments
in lab

Transplant across al-
titudinal gradients
within species’
ranges;
Manipulation of
ambient O; in field;
Temperature ramp

Hematocrit reduction

Blood volume
reduction

Oxygen capacity param-
eters (Voz, Active Voz,
alveolar/arterial Po,,
heart rate), lactate
production

Skeletal muscle metabo-
lome, mitochondrial
function

Enzyme activity

HSP induction

Oxygen capacity param-
eters (Voz, heart rate,
alveolar/arterial Po,,
ventilation rate)

PBT

Embryo development
and survival

CTmax, Teare TeanT

CTmaxs Teare TeanT

PBT

Oxygen capacity param-
eters (heart rate, alve-
olar/arterial Po,,
ventilation rate)

Quantification of CTyax
across life stages

Comparison of PBT,
resting Vo,, Active Vo,

Maintenance of aerobic scope at
high temperatures; No evidence
of transition to anaerobic
respiration

No transition from aerobic to an-

aerobic metabolism or subcellular

damage at high temperatures

Temperature where subcellular
components lose function

Temperature that induces a subcel-

lular-protection response

Aerobic capacity is maintained un-
der conditions of mild hypoxia,
but is limited under extreme
hypoxia

PBT is unaffected by mild hypoxia,
but is reduced under extreme
hypoxia

Hyperoxia increases survivorship
while hypoxia reduces survivor-
ship at high temperatures;
Hypoxia reduces development,
growth, and hatchling perfor-
mance at high temperatures

Behavioral responses to high tem-

peratures depend on ambient O,,
but only under extreme hypoxia

Behavioral responses to high tem-

peratures depend on ambient O,,
but only under extreme hypoxia

Reduced oxygen capacity affects

temperature perception and ani-
mals choose lower temperatures

Heart rate increases while ventila-

tion rate is unchanged by reduced

oxygen carrying capacity

Oxygen capacity limits thermal tol-

erance at some developmental
stages in larval anurans

PBT matches temperature of maxi-

mal aerobic scope in lizards

Carey (1979), Seebacher and
Franklin (2011), Overgaard
et al. (2012), Fobian et al.
(2014), Gangloff et al. (2016)

Telemeco et al. (2017)

Licht (1964), Paulson and
Hutchinson (1987), Irie et al.
(1998), Al-Jassabi (2002)

Ulmasov et al. (1992), Fernando
and Heikkila (2000), Zatespina
et al. (2000), McMillan et al.
(2011), Gao et al. (2014),
Simoniello et al. (2016),
Tedeschi et al. (2016)

Boyer (1963, 1966), Withers
and Hillman (1983), Portner
et al. (1991), Branco et al.
(1993), Wang et al. (1994)

Hicks and Wood (1985), Branco
et al. (1993), Cadena and
Tattersall (2009)

Flewelling and Parker (2015),
Liang et al. (2015), Smith et al.
(2015)

Dupre et al. (1986), Tattersall
and Gerlach (2005), Shea
et al. (2016)

DuBois et al. (2017)

Wood (1990), Hicks and Wood
(1985)

Wang et al. (1994)

Cupp (1980), Sherman (1980),
Floyd (1983)

Wilson (1974)
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venous Po, which would more directly test the
mechanisms described by the OCLTT hypothesis
(Portner et al. 2017, 2018).

A second approach for testing the influence of
oxygen capacity on thermal constraints is to manip-
ulate oxygen availability and examine changes in
thermal behavior or tolerance (Table 1). Under the
OCLTT hypothesis, hypoxia is predicted to reduce
thermal optima and tolerance limits (Smith et al.
2015; Verberk et al. 2016; DuBois et al. 2017), and
this prediction is somewhat supported in reptiles and
amphibians. For example, CTyax, preferred body
temperature (PBT), panting temperature (Tpant),
and gaping temperature (Tgapg) are reduced when
diverse species are exposed to very-low oxygen envi-
ronments (<10kPa; mostly lizards examined; Hicks
and Wood 1985; Dupre et al. 1986; Branco et al.
1993; Cadena and Tattersall 2009; Shea et al. 2016;
DuBois et al. 2017; Fig. 2) and when hematocrit is
experimentally reduced (only PBT examined; Hicks
and Wood 19855 Wood 1990). Hypoxia-induced
PBT reduction is a well-described phenomenon in
ectotherms, termed “behavioral anapyrexia,” that
allows adaptive reduction of metabolic demand

when oxygen is limited (Hicks and Wood 1985;
Wood and Gonzales 1996; Steiner and Branco
2002; Hicks and Wang 2004), supporting the hy-
pothesis that oxygen limitation influences thermal
preference and possibly tolerance. Along with
CTyax reductions in Tgapg and Tpant, which pro-
vide an indication of perceived heat stress (Heatwole
et al. 1973; Tattersall et al. 2006; DuBois et al. 2017),
imply reduced thermal tolerance under hypoxia.
Hypoxia also induces elevated heart rates and
reduces both resting and active oxygen consumption
(Voz) in diverse species (Fig. 3), suggesting observed
shifts in thermal tolerance and behavior are related
to physiological limits of oxygen capacity (including
diffusion and transport). Interestingly, only extreme
hypoxia had the predicted effects on thermal toler-
ance and behavior, with levels of hypoxia within the
range generally found in terrestrial environments
having no effect (Figs. 2 and 3). Thus, it is not clear
that the OCLTT mechanism will be generally rele-
vant in nature.

In contrast to adult stages, naturalistic hypoxia
reduces thermal performance and tolerance in eggs
and larvae of reptiles and amphibians. Because
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amphibian eggs and larvae inhabit aqueous environ-
ments, environmental oxygen availability is reduced
relative to terrestrial stages, thereby increasing the
potential importance of the OCLTT mechanism sim-
ilar to some fully aquatic ectotherms (e.g., Portner
and Knust 2007; Verberk et al. 2013; Portner and
Gutt 2016). Oxygen limitation is further exacerbated
when species develop in small water bodies that can
rapidly lose dissolved oxygen, such as ephemeral
pools (Seymour and Bradford 1995; Sacerdote and
King 2009), and because amphibian eggs are com-
monly produced within large gelatinous masses with
low oxygen diffusion potential (Pinder and Friet
1994; Woods 1999; Sacerdote and King 2009).
Although data are limited, these constraints appear
to affect early stage amphibians congruent with ox-
ygen limiting thermal tolerances. For example,
amphibians that nest in warm water produce smaller
eggs and egg masses to facilitate oxygen diffusion to
embryos (Woods 1999; Sacerdote and King 2009),
and aquatic larvae born into warm water (from
aquatic or terrestrial eggs) are smaller and have
lower metabolic demands (Kuramoto 1975;
Rollinson and Rowe 2018). In oviparous reptiles,
embryonic gas exchange occurs via passive diffusion

across the shell into the chorioallantoic membrane,
which is much less efficient than adult respiration
(Vitt and Caldwell 2009). As predicted by the
OCLTT hypothesis, thermal tolerance is reduced
when developing embryos experience modest to ex-
treme hypoxia (Flewelling and Parker 2015; Liang
et al. 2015; Smith et al. 2015). For example, lower
environmental Py experienced at high elevations
reduces Trpraar in plateau fence lizard (Sceloporus
tristichus) embryos compared to Po, at sea level
(Smith et al. 2015), although such modest hypoxia
does not affect the thermal tolerance of adult con-
geners (S. occidentalis and S. graciosus; Shea et al.
2016; DuBois et al. 2017). Thus, available data sug-
gest that reptiles and amphibians experience ontoge-
netic shifts in the proximate mechanism underlying
thermal tolerance: early stages appear more affected
by organ-system-level failures, such as the OCLTT
mechanism, whereas later stages are more impacted
by subcellular mechanisms.

An integrative framework: HMTL

Available evidence implies that neither failure of sub-
cellular components nor oxygen and capacity
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limitation are solely responsible for loss of perfor-
mance at high temperatures in reptiles and amphib-
ians. Rather, mechanisms across levels of
organization appear to play partial, context-
dependent roles. We propose a unified framework
that combines subcellular mechanisms, the oxygen
and capacity limited thermal tolerance (OCLTT) hy-
pothesis, and the thermal performance curve (TPC)
paradigm. We «call this integrative framework
“Hierarchical Mechanisms of Thermal Limitation”
(HMTL, Fig. 1). Like the OCLTT hypothesis, we
propose that oxygen diffusion and transport capacity
largely shape thermal performance at sub-critical
temperatures via effects of temperature on aerobic
scope. However, the HMTL framework explicitly rec-
ognizes the importance of subcellular-level mecha-
nisms and allows them to wunderlie absolute
thermal limits, such as CTyax and Tygrpgar. Under
this hypothesis, the relative importance of subcellu-
lar- and organ-system-level mechanisms on thermal
tolerance is context dependent, but predictable. We
propose that the HMTL framework explains diverse
empirical results and can bring together decades of
physiological studies in reptiles and amphibians.
Given that numerous models of thermal perfor-
mance and tolerance have been proposed, we think
that it is useful to state their similarities and differ-
ences with HMTL. The HMTL framework builds
upon ideas developed for the OCLTT hypothesis
proposed by Portner and colleagues (recently
reviewed in Portner et al. 2017) and is similar to
that put forth by Ern et al. (2016) for fishes (see
Fig. 1 in Ern et al. 2016), but more formally incor-
porates the TPC paradigm and explicitly describes
mechanism-dependent critical temperatures.
Importantly, this hypothesis predicts conditions un-
der which subcellular and organ-system failure will
set thermal tolerance limits and when transitions are
likely to occur. Our framework also differs impor-
tantly from the Multiple Performances—Multiple
Optima (MPMO) framework put forth by Clark
et al. (2013) for fishes. The MPMO suggests a single
thermal limit set by an undefined mechanism but
multiple, trait-specific optima that can dramatically
differ from the temperature that maximizes aerobic
scope (summarized in Fig. 7 of Clark et al. 2013). By
contrast, we propose multiple potential mechanisms
of thermal limitation but a single whole-organism
thermal optimum for performance correlated with
the temperature that maximizes aerobic scope (al-
though this will be an integration across traits).
Figure 1 illustrates the HMTL framework. In the
top row of panels, solid blue and red lines represent
the effect of temperature on oxygen consumption
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during rest and activity, respectively. Assuming ac-
tivity is maximal, aerobic scope is the difference be-
tween these lines. To illustrate this concept with
empirical data, we derived these lines by fitting a
generalized logistic function to data from Fobian
et al. (2014) for pythons (P. regius) assuming the
shape of the response curve is the same during rest
and activity. Based on available data, the general
shape of these curves is qualitatively similar across
diverse taxa (e.g., Carey 1979; Frederich and Portner
2000; Overgaard 2012; Fobian et al. 2014; Ern et al.
2016) and we think that the predictions of the
HMTL framework can be generalized beyond the
specific data used to generate this illustration. The
dotted blue and red lines depict exponential func-
tions fit to these data and illustrate predicted oxygen
demand/use if organisms were unconstrained by ca-
pacity limitations. The columns illustrate predicted
effects of variable oxygen environments, and the bot-
tom row displays TPCs predicted to result given
relationships in the top row.

A central assumption of the HMTL framework is
that critical thermal limits exist for both subcellular
mechanisms (subcellular Tcgyr) and aerobic respira-
tion (aerobic Tcgrrr), and that organismal thermal
limits are proximally caused by the lower Tcgir
(Fig. 1). The environment and oxygen-handling
capacity of the organism will co-determine the
hierarchy of these critical limits and thus their rela-
tive importance. The subcellular Tcgyy is the temper-
ature at which key subcellular components begin to
lose function, and should be insensitive to activity
state or oxygen environment. By contrast, aerobic
Tcrir is the temperature at which oxygen capacity
is maximized, and is affected by activity state and
oxygen environment. For example, aerobic Tcgir
during rest will be higher than aerobic Tcgrr during
activity because elevated O, demand during activity
causes capacity limits to be reached more readily
(Fig. 1). Moreover, both active- and resting-aerobic
Tcrir should be reduced during exposure to hypoxic
environments (Fig. 1B, C). Any reduction in envi-
ronmental oxygen availability below normoxia will
reduce aerobic scope. However, CTyax will only be
reduced if environmental hypoxia is sufficient to
cause resting-aerobic Tcgyr to drop below subcellular
Tcrrr (Fig. 1C). The environmental oxygen tension
where resting-aerobic Tcrrr equals subcellular Tegir
is Pcr,,,, as defined by Ern et al. (2016).

By integrating Tcryr values and aerobic scope, we
can derive whole-organism TPCs (Fig. 1, bottom
row). Because the active-aerobic Tcgpr is the lowest
temperature where maximal metabolic rate can be
achieved, it closely corresponds to the optimal
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temperature for aerobic performance (whole-organ-
ism Topr) where aerobic scope is maximized. At
temperatures below active-aerobic Tcgrrr, we predict
that performance increases with temperature propor-
tional to aerobic scope. At temperatures above
active-aerobic Tcgryy, performance will drop until
CTyax is reached, but we predict that the shape of
this drop will depend on which Tcgyr underlies
CTumax- If resting-aerobic Tcryr underlies CTyax
the TPC should be more symmetrical with perfor-
mance and aerobic scope decreasing at a rate mirror-
ing the increase (Fig. 1C). However, if subcellular
Terrr underlies CTyax, the curve will be asymmetric
with loss of performance occurring more rapidly the
closer active-aerobic Tcpyr is to subcellular Tegpr
(Fig. 1A, B).

Assumptions, predictions, and evidence for HMTL in
reptiles and amphibians

The HMTL framework produces numerous testable
predictions, some of which can be addressed with
available data, while others offer exciting avenues
for future research. First, any environmental or or-
ganismal characteristics that reduce oxygen availabil-
ity or capacity for oxygen utilization (e.g., aquatic
respiration, reliance on cutaneous gas exchange, or
life-stages such as eggs with reduced diffusion poten-
tial) should increase the probability of resting-
aerobic Tcgryr underlying CTyax. This can explain
oxygen capacity setting thermal limits in embryos
(Smith et al. 2015) but not adults (Overgaard et al.
2012; Fobian et al. 2014; DuBois et al. 2017).
Moreover, the transition between aerobic and sub-
cellular Tcryr predicted by HMTL explains extreme
experimental hypoxia reducing thermal tolerance in
adult reptiles and amphibians, while moderate hyp-
oxia does not (Fig. 1C and Fig. 2B,D). Similarly,
HMTL predicts that CTyax is lower when governed
by oxygen limitation than when governed by subcel-
lular mechanisms. Supporting this prediction,
CTmax drops in tadpoles as oxygen demand
increases with growth and when respiratory struc-
tures are compromised in late-stage metamorphs,
but frequently elevates again in terrestrial adults pre-
sumably as a result of increased oxygen capacity
(Cupp 1980; Sherman 1980; Floyd 1983).

Another important prediction of the HMTL hy-
pothesis is that performance can be limited by oxy-
gen exchange capacity at high temperatures even
when CTyax and Trgraar are proximally set by sub-
cellular mechanisms. Some interpretations of the
OCLTT hypothesis similarly highlight limits on per-
formance at pejus rather than critical temperatures
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(Portner and Knust 2007; Portner 2014; Verberk
et al. 2016; Portner et al. 2017), but other workers
suggest OCLTT should explain critical limits to be
useful (i.e., Fobian et al. 2014; Smith et al. 2015; Ern
et al. 2016; Verberk et al. 2016; DuBois et al. 2017).
Under the HMTL framework, activity state is as-
sumed to have no appreciable effect on oxygen ca-
pacity, although this may not hold in some highly
aerobic taxa (e.g., Wang and Hicks 2004). The extent
to which activity-induced increases in oxygen capac-
ity affect thermal performance curves and limits is an
important direction for future work. Generally how-
ever, individuals in metabolically-demanding states
are expected to reach capacity limits at temperatures
below those at which such limits are reached by rest-
ing individuals. Anaerobic respiration might com-
pensate for short-term mismatches between energy
demand and oxygen capacity (reviewed in Gleeson
1991; Fig. 1A, red shaded region), but aerobic con-
straints are predicted to reduce performance during
long-term activity (e.g., digestion, reproduction, re-
covery; Jackson 2007; Portner et al. 2017).

In diverse species, active metabolic rate asymptotes
despite increases in cardiovascular output, implying
oxygen flux becomes limited at temperatures above
active-aerobic Tcgir (e.g., Bartholomew and Tucker
1963; Bennett and Licht 1972; Wilson 1974;
Overgaard et al. 2012; Fobian et al. 2014).
Furthermore, pulmonary diffusion capacity is limited
by reduced plasma gas solubility and hemoglobin
binding affinity at high temperatures (Wood and
Moberly 1970; Kinney et al. 1977; Pough 1980;
Jackson 2007; da Silva et al. 2013). Diffusion limita-
tion of cutaneous gas exchange is also well estab-
lished (reviewed in Burggren 1988; Wang 2011) and
will be important in species that spend considerable
time submerged (e.g. Ultsch 1973) or are lungless
(e.g., Plethodontid salamanders; Whitford and
Hutchison 1965; Spotilla 1972). Finally, increases in
the products of anaerobic respiration, such as lactic
acid, can lead to blood acidification and thereby fur-
ther declines in blood oxygen affinity (Bennett 1973).
The interaction of numerous factors at high temper-
atures reduces oxygen capacity, which in turn limits
aerobic performance at high temperatures in reptiles
and amphibians, regardless of the mechanism govern-
ing CTyax (further reviewed in Jackson 2007).

The HMTL framework predicts that whole-
organism Topr is the temperature providing maxi-
mal aerobic scope, which is governed by active-
aerobic Tcgryr. Thus, alleviating the limits that un-
derlie active-aerobic Tcppr should allow increased
maximal performance (i.e., aerobic scope) and
Topr (Fig. 1). Unfortunately, few data are available
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comparing whole-organism Topr and aerobic scope
in reptiles or amphibians. In the snake P. regius,
whole-organism Topr and the temperature where
aerobic scope is maximized appear to correspond
(Fobian et al. 2014). In the toad R. marina, obser-
vations are more complex and suggest that the main-
tenance of aerobic scope to high temperatures could
be independent of whole-organism Topr, at least in
some cases. Hopping performance is maximized at
~30°C (Kearney et al. 2008) whereas aerobic scope
can plateau at 30°C, but can also increase to at least
40°C  depending on acclimation treatment
(Overgaard et al. 2012). Additional data are needed
to determine if acclimation elevates Topr for whole-
organism performance similar to maximal aerobic
scope in R. marina, as would be predicted by the
HMTL framework.

Observations for PBT provide additional indirect
evidence that whole-organism Topr corresponds to
the temperature that maximizes aerobic scope in
reptiles, but again data for amphibians are less clear.
Generally, terrestrial ectotherms thermoregulate to
within a narrow thermal range during activity if
costs to thermoregulation are not prohibitively high
(Huey 1982; Bauwens et al. 1995; Angilletta 2009;
Kingsolver and Buckley 2015; Sears et al. 2016).
Natural selection is predicted to shape thermal pref-
erence such that PBT corresponds to, or is slightly
below, whole-organism Topr (Huey 1982; Bauwens
et al. 1995; Angilletta et al. 2002; but see Huey and
Bennett 1987). As predicted, PBT and temperature of
maximum aerobic scope are highly concordant in
lizards exposed to normoxic environments (Wilson
1974). On the other hand, in the boreal toad
(Anaxyrus boreas), aerobic scope is maximal at
30°C whereas Tprer is 24°C (Carey 1978, 1979).
Interestingly, A. boreas and other anurans (L. pipiens,
Carey 1979; R. marina, Overgaard et al. 2012) exhibit
an increase in lactic acid production with temper-
atures above PBT in both resting and active animals.
Increased lactic acid production indicates that high
temperatures induce anaerobic respiration, even as
aerobic scope is maintained, and therefore incur an
oxygen debt for recovery. Further data are needed to
assess whether the potential mismatch between max-
imal aerobic scope and Topr in anurans can be
explained by animals balancing the increased costs
of repaying oxygen debt resulting from increased an-
aerobic respiration at high temperatures with the
benefits of concurrent increases in aerobic scope.

Assuming maximal aerobic scope, Topr, and PBT
are linked as predicted by HMTL, they are not uni-
formly affected by experimental hypoxia as might
initially be predicted. Only extreme hypoxia affects
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PBT (Fig. 2) whereas the temperature that maxi-
mizes aerobic scope and presumably whole-
organism Topr is predicted to drop continuously
with hypoxia (Fig. 1). This discrepancy might indi-
cate that adult reptiles and amphibians cannot sense
and respond to hypoxia-induced changes in aerobic
scope in real time, which might be expected given
that these animals evolved in terrestrial environ-
ments where oxygen availability is relatively stable
within a lifetime. Thus, we propose that individuals
choose the same body temperature regardless of the
oxygen environment so long as basic metabolic
demands are met, and thus predict that the
“breakpoint” in Fig. 2A occurs when hypoxia causes
resting-aerobic Tcgyr to fall below evolved PBT. Data
comparing resting aerobic Tcrrr and PBT when ox-
ygen environment or demand is manipulated are
needed to test this prediction. Given the predicted
relationships between aerobic scope, Topy, and PBT,
we also expect species adapted to low-oxygen envi-
ronments to have relatively lower Topr and PBT, or
greater oxygen-handling capacity. However, covaria-
tion between temperature and oxygen with elevation
make testing this prediction in terrestrial environ-
ments difficult.

In addition to further exploring the potential im-
portance of resting- and active-aerobic Tcgyr, addi-
tional research is needed to identify the subcellular
components that underlie subcellular Tcrpr, A subset
of evolutionarily conserved components might con-
strain thermal tolerance across a diversity of taxa, or
the components that are most important could be
taxonomically specific. Currently, the data needed to
differentiate these possibilities are not available. We
think that measures of ATPase and HSP provide
useful candidates for further exploration, but caution
that focusing on a single or few potential indicators
in isolation will likely provide a contorted view of
subcellular limitation. Advances in “-omics” technol-
ogies, particularly differential expression RNAseq,
metabolomics, and proteomics could provide much
useful information about subcellular physiological
function, and provide additional candidate molecules
for detailed analysis (e.g., Verberk et al. 2013;
Williams et al. 2014; Campbell-Staton et al. 2017;
Telemeco et al. 2017). We recommend that experi-
ments manipulating the thermal and oxygen envi-
ronment of organisms endeavor to collect
subcellular data as well as whole-organism perfor-
mance data. Where possible, an integrative approach
combining measurements of subcellular components
and whole-organism performance will best illumi-
nate the mechanisms that underlie tolerance and
their interactions.
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Finally, the HMTL framework makes predictions
for how populations could be affected by global
change. Numerous species are expanding or shifting
their range to higher elevations in response to cli-
mate change-related temperature increases (e.g.,
Sinervo et al. 2010; Pincheira-Donoso et al. 2013;
Pauchard et al. 2016). However, HMTL predicts
that reduced oxygen partial pressures at high eleva-
tion will lower both Top and maximal performance.
Thus, species must seek cooler environments as they
move to higher elevation to maintain optimal per-
formance, and performance potential will go down
regardless of thermal environment selected. An evo-
lutionary change appears necessary for animals to
seek out reduced body temperatures because moder-
ate hypoxia does not affect PBT (Fig. 2). The HMTL
framework also predicts that species with greater ox-
ygen capacity will be more buffered from lost per-
formance when exposed to increased environmental
temperatures. Thus, oxygen capacity might be a
prime target of natural selection as climates warm,
even if it does not underlie CTyax or TiprhaL-
Finally, given the great diversity in modes of gas
exchange, metabolic demands, and shifts across
life-history stages in reptiles and amphibians, we em-
phasize the need to explore these hypotheses in a
greater number and variety of taxa.

Conclusions

Available data suggest that both subcellular- and
organ-system-level mechanisms shape thermal per-
formance and tolerance in amphibians and reptiles.
The HMTL framework that we propose describes
how both mechanisms co-affect animals, with their
relative importance driven by their respective Tcgyr.
We think that the HMTL hypothesis improves upon
current frameworks by explicitly removing the false
dichotomy between subcellular mechanisms and ox-
ygen limitation, identifying useful parameters for
further research (subcellular Tcgryr, resting-aerobic
Tcrir> and  active-aerobic Tcgryr), and describing
how aerobic and subcellular limitations interact to
affect TPCs. Moreover, HMTL appears to explain a
wide range of initially perplexing observations in
reptiles and amphibians such as reduced aerobic
scope at high temperatures without aerobic failure
at critical temperatures, extreme hypoxia affecting
thermal tolerance and behavior in adults with no
effect of moderate hypoxia, moderate hypoxia reduc-
ing thermal tolerance in embryos, and HSP and
ATPase activity suggesting loss of subcellular func-
tion near critical temperatures. Still, the HMTL
framework makes numerous predictions for which
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additional data are needed, including animals only
reducing their body temperature when resting-
aerobic Tcgrr drops below PBT, CTyax being lower
when resting-aerobic Tcgyr is responsible than when
subcellular Tcgyr is responsible, maximum aerobic
capacity underlying whole-organism thermal optima,
and reduced performance when species invade higher
elevations without increased oxygen capacity.
Moreover, virtually no data are available to address
the potential importance of aerobic- or subcellular-
TcriT as evolutionary constraints shaping the adap-
tive landscape. Further data better representing the
diversity of reptile and amphibian taxa are needed
both to understand the potential relevance of the
HMTL mechanism in extant reptiles and amphib-
ians, and how such a mechanism could have shaped
the evolution of these animals. We think that many
of the ideas that make up our HMTL framework are
already widely accepted within the scientific commu-
nity, and hope that explicitly describing them within
a single framework with clear, testable predictions
will facilitate further research. Although inspired by
reptiles and amphibians, this integrated framework
could have broad applicability across ectothermic
animals. We look forward to continued investigation
further integrating, refining, and testing these ideas
across mechanisms and taxa.
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Synopsis In many animals, male secondary sexual traits advertise reliable information on fighting capacity in a male—
male context. The iconic sexual signaling device of anole lizards, the dewlap, has been extensively studied in this respect.
For several territorial anole species (experiencing strong intrasexual selection), there is evidence for a positive association
between dewlap size and bite capacity, which is an important determinant of combat outcome in lizards. Intriguingly,
earlier studies did not find this expected correlation (relative dewlap size—relative bite force) in the highly territorial
brown anole lizard, Anolis sagrei. We hypothesize that the dewlap size-bite force relationship can differ among pop-
ulations of the same species due to interpopulation variation in the degree of male-male competition. In line with this
thought, we expect dewlap size to serve as a reliable predictor of bite performance only in those populations where the
level of intrasexual selection is high. To tackle this hypothesis, we examined the relationship between male dewlap size
and bite force on the intraspecific level in A. sagrei, using an extensive dataset encompassing information from 17 island
populations distributed throughout the Caribbean. First, we assessed and compared the relationship between both
variables in the 17 populations under study. Second, we linked the relative dewlap size-bite force relationship within
each population to variation in the degree of intrasexual selection among populations, using sexual size dimorphism and
dewlap display intensity as surrogate measures. Our results showed that absolute dewlap size is an excellent predictor of
maximum bite force in nearly all A. sagrei populations. However, relative dewlap size is only an honest signal of bite
performance in 4 out of the 17 populations. Surprisingly, the level of signal honesty did not correlate with the strength
of intrasexual selection. We offer a number of conceptual and methodological explanations for this unexpected finding.

Introduction 2005). Traits that honestly signal fighting capacity

The evolution of male secondary sexual traits, such
as the colossal antlers in deer or the giant horns in
rhinoceros beetles, has fascinated biologists ever
since Darwin (1871; Andersson 1982; Bradbury and
Vehrencamp 1998; Emlen 2008). These elaborate sex-
ual traits can function as real weapons to overpower
or even kill male opponents (e.g., mandibles of male
fig wasps; Bean and Cook 2001), but also as reliable
signals advertising “fighting capacity” without play-
ing a role during actual physical combats (e.g., red
coloration in male mandrills; Setchell and Wickings

Advance Access publication May 31, 2018

seem highly beneficial to predict contest outcomes
and thereby avoid the costly interactions physical
combats may impose (Andersson 1994). This is es-
pecially true for species where actual fights between
males can result in serious body damage and even in
death (e.g., wasps, Bean and Cook 2001; Abe et al.
2003; spiders, Leimar et al. 1991). The idea that male
secondary sexual signals communicate reliable infor-
mation about quality in an intrasexual context has
been evidenced by a variety of studies showing a
direct link between variation in signal design
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(especially size and color) and the ability to win male
contests (e.g., Jennions and Backwell 1996; Panhuis
and Wilkinson 1999; Alonso-Alvarez et al. 2004). In
many cases, the size of these sexual traits correlates
strongly with overall body size (arguably the most
important predictor of contest outcome (e.g.,
Clutton-Brock et al. 1979; Hughes 1996; Karsten
et al. 2009; Hardy and Briffa 2013), and as such
acts as a redundant or back-up signal (Zuk et al.
1992; Johnstone 1996; Candolin 2003) when adver-
tising fighting capacity. However, in at least some
cases, the size of secondary sexual traits reveals
more than just the carrier’s overall body size during
agonistic interactions. Here, sexual signal size con-
tains information on fighting capacity independent
of overall body size (i.e., relative size), and can there-
fore be considered as a reliable signal in itself. In
dung beetles, for example, relative male horn size
accurately predicts pulling force and maximal exer-
tion, two ecologically relevant performance measures
associated with fighting success in beetles (Lailvaux
et al. 2005). Also in lizards, male signals can act as
size-free indices of fighting capacity, quantified by
endurance or bite force (e.g., Perry et al. 2004;
Lappin and Husak 2005; Vanhooydonck et al.
2005a). Anole lizards in particular have received con-
siderable attention in this respect (e.g., Lailvaux et al.
2004; Vanhooydonck et al. 2005b; Lailvaux and
Irschick 2007). They typically have an extendible
throat fan, called a dewlap. This sexually selected
trait is generally far more elaborated in the male
sex and is exceptional for its high degree of inter-
specific variation in design (Nicholson et al. 2007;
Johnson and Wade 2010). Besides, anoles exhibit
varying degrees of territoriality and male-male com-
petition (Losos 2009; Johnson et al. 2009; Kamath
and Losos 2017), also reflected by their remarkable
diversity in sexual size dimorphism (SSD; i.e., pre-
dominantly male-biased SSD) (Stamps et al. 1997;
Ord et al. 2001; Butler et al. 2007).

One obvious question that arises is whether dew-
lap size indicates fighting capacity in Anolis lizards?
The evidence is rather mixed. In highly territorial,
sexually dimorphic (high-SSD) species (i.e., A. caro-
linensis, A. cristatellus, A. evermanni, A. gundlachi,
and A. lineatopus), relative dewlap size predicts bite
force and thus seems to contain detailed information
on fighting capacity (Vanhooydonck et al. 2005a;
Lailvaux and Irschick 2007). However, no such rela-
tionship was found in less dimorphic (low-SSD) spe-
cies (i.e., A. angusticeps, A. distichus, and A.
valencienni; Vanhooydonck et al. 2005a; Lailvaux
and Irschick 2007). The authors explain the lack of
this relation in less dimorphic species preliminary by
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a low degree of territoriality. Bite performance, in
particular, might be far less important for males of
species that do not actively defend territories or that
do not experience a high degree of male-male com-
petition associated with vigorous fights. Lailvaux and
Irschick (2007) further corroborated this idea by
showing that bite force predicted male combat suc-
cess only in the high-SSD species and that the inci-
dence of biting increased with SSD.

Intriguingly, one species in their dataset defied
this putative principle: Anolis sagrei, albeit clearly
sexually dimorphic, did not show the expected pos-
itive correlation between relative dewlap size and bite
performance (although a significant relationship was
found between absolute dewlap size and bite force).
In accordance, Driessens et al. (2015) also failed to
find such a relationship in wild-caught males from
Florida, when looking at relative indices. Because of
these unexpected results, we aimed to further explore
the dewlap size-bite force relationship in this polyg-
ynous and highly territorial species (Schoener and
Schoener 1980; Tokarz 1998, 2002). Direct physical
combats are commonly observed among brown
anole males and primarily involve biting, jaw spar-
ring, and interlocking (Scott 1984; Tokarz 1985,
1987; McMann 2000; Steffen and Guyer 2014;
Driessens et al. 2014). Anolis sagrei has a yellow-to-
reddish dewlap that can show dramatic intraspecific
variation in size, color, pattern, and even use
(Vanhooydonck et al. 2009; Edwards and Lailvaux
2012; Driessens et al. 2017). Adult males primarily
use dewlap displays in combination with push-ups
and head-bobs for territorial defense and/or for ac-
cess to females (e.g., Scott 1984; Simon 2011;
Driessens et al. 2014). Recently, display behavior
and dewlap color have been reported to predict the
outcome of staged contests between size-matched
males (Steffen and Guyer 2014), further demonstrat-
ing the role of the A. sagrei dewlap in signaling qual-
ity to opponents (but see Tokarz et al. 2003). Close-
proximity contest experiments additionally revealed
that A. sagrei males with enhanced biting capacities
are at a competitive advantage for winning fights
(Lailvaux and Irschick 2007), highlighting the impor-
tance of signaling bite capacity too, during agonistic
interactions.

The main goal of this study is to look in more
detail at the relationship between male dewlap size
and bite force, explicitly for A. sagrei. Therefore, we
took an intraspecific comparative approach, docu-
menting and comparing this specific relationship in
17 A. sagrei island populations distributed across the
Caribbean. We looked at the relationship between
dewlap size and bite force, using absolute as well
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as relative indices. Consistent with previous studies,
we expected absolute dewlap size to be a good pre-
dictor of absolute bite force for each study popula-
tion (Lailvaux and Irschick 2007; Cox et al. 2009;
Driessens et al. 2015). However, we hypothesize
that the relative dewlap size-bite force relationship
will differ among populations due to interpopulation
variation in the degree of male-male competition. In
line with this thought, we expect dewlap size to serve
as a reliable predictor of bite performance only in
those populations where the level of intrasexual se-
lection is high (following Lailvaux and Irschick
2007). To do so, we linked the dewlap size—bite force
relationship within each population to both SSD and
display intensity (DI) among populations, taking
into account phylogenetic relationships.

Materials and methods
Animals

We sampled a total of 639 adult A. sagrei males from
17 populations distributed across the Caribbean
(Fig. 1). Sampling localities included Acklins, Andros,
Chub Cay, Crooked Island, Grand Bahama, Pidgeon
Cay, Staniel Cay (data collection for these seven pop-
ulations occurred in April-May 2003), Jamaica (March
2012), Cuba (Santa Clara, Soroa 1, Soroa 2; April-May
2012), San Salvador (January 2013), Cayman Islands
(Cayman Brac, Grand Cayman, Little Cayman; March
2013), South Abaco, and South Bimini (March 2015).
Since previous studies on A. carolinensis have reported
a significant effect of seasonality on dewlap size, bite
force, and display behavior (Jenssen et al. 1995, 2001;
Irschick et al. 2006; Lailvaux et al. 2015), data were
collected during the A. sagrei breeding season (March—
September, Lee et al. 1989), apart from one population
(i.e., San Salvador) that was sampled in January. We
caught 404 A. sagrei males by noose and kept them
individually in plastic bags for maximum 48 h, before
releasing them back at the location of capture. For
these individuals, we measured morphology, quantified
dewlap size, and carried out standard bite force meas-
urements. Another 235 male individuals (but only for
ten populations) were video-recorded while behaving
in their natural habitat.

Morphology

We measured the lizards’ snout—vent length (SVL)
and head length (HL; from the tip of the snout to
the posterior edge of the parietal scale) using digital
calipers (Mitutoyo CD-15DC, accuracy 0.01 mm). For
measuring dewlap size, lizards were first positioned on
their left side against a 1-cm® gridded paper. We then
gently pulled the base of the ceratobranchial forward
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with a pair of forceps until the dewlap was fully ex-
tended parallel to the grid (Bels 1990). Next, we pho-
tographed the dewlap, using a Nikon D70 camera
mounted on a tripod. Last, Adobe Photoshop CS3
extended software (AP CS3, version 10.0) was used
to trace the outer edge of the dewlap on the digital
images and to calculate absolute dewlap area. This
standard method for measuring dewlap dimensions
has produced highly repeatable results in a previous
study (Vanhooydonck et al. 2005a).

Bite force

Standard methods were used to measure maximum
bite force. Briefly, we encouraged lizards to bite on
two metal plates connected to an isometric Kistler
force transducer (type 9203) and charge amplifier
(type 5995); for detailed descriptions of setup and
biting procedure, see Herrel et al. (1999a) and
Vanhooydonck et al. (2005b). Each individual was
subjected to a total of five bite trials with approxi-
mately 30 min in between (as in e.g., Herrel et al.
2001; Lailvaux et al. 2004; Irschick et al. 2006;
Lailvaux and Irschick 2007). The highest of the five
bite force measurements was then used as the max-
imal bite force capacity in each individual. The ap-
plied methodology has been widely used and shown
to be effective for obtaining maximal bite forces in
lizards (e.g., Herrel et al. 2001; Lailvaux et al. 2004;
Vanhooydonck et al. 2005b; Lailvaux and Irschick
2007; Baeckens et al. 2017). Since temperature is
known to affect bite performance (Bennett 1985;
Herrel et al. 1999b; Anderson et al. 2008), we
made sure every lizard had a body temperature be-
tween 29°C and 31°C prior to every bite trial (the
average field-active body temperature of A. sagrei is
30.6°C; Losos 2009). Body temperature was verified
using a cloacal thermometer (APPA51, K-type).

Sexual size dimorphism

Consistent with Lailvaux and Irschick (2007, and
references therein), we calculated SSD as mean SVL
in males divided by mean SVL in females. Values of
SSD were calculated for each population, and only
SVLs of mature males and females were included.

Display intensity

As in Driessens et al. (2017), we recorded the natural
behavior of 20-30 males per population (ten study
populations) for a timespan of 10 min, using a high-
definition camera (Sony, HDR-CX260VE). First, we
located lizards by walking slowly through their nat-
ural habitat until an apparently undisturbed individ-
ual was spotted. Next, we started filming the lizard’s
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Fig. 1 (a) Phylogenetic relationships among the 17 Anolis sagrei study populations presented with corresponding sampling sites (b)
distributed across the Caribbean. Circle size represents the mean dewlap size (red) and bite force (blue) of a population. Photograph

(c) showing the large dewlap of a male A. sagrei lizard.

behavior from approximately 5-15m using the cam-
era zoom function (30x optical zoom), in order to
minimize disturbances caused by our presence.
Video recordings were only made during sunny or
partly cloudy conditions to avoid possible confounding
effects of weather on the lizard’s activity level (Huey
1982; Hertz et al. 1993). All behavioral recordings were
scored offline, using JWatcher event-recorder software
(Blumstein and Daniel 2007). For each focal individual,
we noted the number and duration of three main dis-
play types: head-nods (up-and-down movement of the
head), push-ups (up-and-down movement of the body
and tail caused by flexion of the legs), and dewlap
extensions (pulsing of the dewlap). These displays
can function in species recognition (e.g., Rand and
Williams 1970; Losos 1985), in predator deterrence
(e.g., Leal and Rodriguez-Robles 1995, 1997), but
most often in social and sexual communication (e.g.,
Greenberg and Noble 1944; Jenssen 1970; Crews 1975;
Carpenter 1978; Driessens et al. 2014; Baeckens et al.
2016). Moreover, DI is typically inter-correlated in

the sense that males that frequently perform one
display type also exhibit the other types at a high
rate (e.g., Scott 1984; McMann 2000; Driessens
et al. 2014; Steffen and Guyer 2014). In the remain-
ing, “DI” refers to the proportion of time that indi-
viduals spent displaying in their natural setting
during the 10min observation period (averaged
per population).

Statistical analyses

Prior to statistical analyses, data on HL, dewlap size,
bite force, and SSD were logo-transformed.
Proportion data (i.e., DI) were normalized via
arcsin-square root transformation (Sokal and Rohlf
1995). In all cases, assumptions of normality were
confirmed using Shapiro-Wilk tests, and probabili-
ties (P) lower than 0.05 were considered significant.

All statistical tests involving dewlap size and bite
force were done with absolute as well as relative (i.e.,
size-corrected) data. Consistent with Vanhooydonck
et al. (2005a) and Lailvaux and Irschick (2007), we



Dewlap size-bite force relationship in Anolis

used HL for removing effects of overall size. This
metric strongly correlated with dewlap size and bite
force, and has previously proven to be most appro-
priate for calculating relative indices of these two
variables (Vanhooydonck et al. 2005a; Herrel and
O’Reilly 2006). Relative bite force and dewlap size
were calculated by regressing log; bite force and
log;o dewlap size against log;, HL and, subse-
quently, by extracting the residual values for all
individuals.

We first ran a univariate general linear model
(GLM) to test whether the relationship between dew-
lap size and bite force (independent and dependent
variable, respectively) differed among our study pop-
ulations. HL was then added to the model as a co-
variate, to assess the same effects after size
correction. Both GLM analyses revealed significant
dewlap size * population interaction effects on bite
force, which impelled us to subsequently examine
this relationship separately within populations. We
therefore carried out linear regressions per popula-
tion with dewlap size as independent and bite force
as dependent variable. Following Lailvaux and
Irschick (2007), we obtained relative indices by
regressing dewlap size and bite force against HL
and calculating the residuals for all individuals per
population. We then ran a second set of linear
regressions, this time with relative bite force against
relative dewlap size (i.e., residuals; consistent with
Vanhooydonck et al. 2005a; Lailvaux and Irschick
2007).

Among-population analyses were performed in an
explicit phylogenetic context in order to account for
the non-independency of our data points
(Felsenstein  1985; Harvey and Pagel 1991). We
used the phylogenetic tree proposed by Driessens
et al. (2017) in all phylogenetic comparative analyses.
Driessens’ tree was created using the exact same pop-
ulations sampled in this study. To test the idea that
reliable information content of the dewlap in itself
depends on the local intensity of intrasexual selec-
tion, we regressed the slope of the relative “dewlap
size-bite force” regression line for each population
(i.e., coefficient b) against SSD and DI, respectively.
We here employed phylogenetic generalized least
squares (pgls) regressions with incorporation of phy-
logenetic relationships on population level (caper
package R, Orme et al. [2013]; for a detailed descrip-
tion of the used phylogenetic tree, see Driessens et al.
2017). This method uses maximum likelihood to si-
multaneously estimate the regression model and
phylogenetic signal (Pagel’s /) of the residual error
(Garland and Ives 2000; Revell 2010), and has shown
to do better than a priori tests of phylogenetic signal;
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especially when sample sizes are smaller than 20
(Blomberg et al. 2003; Revell 2010; Kamilar and
Cooper 2013). Because data from one population
(i.e., San Salvador) could only be collected outside
the breeding season, we ran an additional set of the
same pgls regression analyses excluding these partic-
ular data.

Results

Population means and standard deviations for tested
variables are provided in Table 1. The relationship
between dewlap size and bite force differed signifi-
cantly among populations (Fjs, 381 = 14.93,
P<0.0001), also after correcting for body size
(Fie, 380=9.36, P<0.0001). Within-population re-
gression analyses revealed that absolute dewlap size
is an excellent predictor of absolute bite force in
nearly all study populations (R>0.65, P < 0.005,
Table 2); only for the population of Santa Clara
the relationship failed to reach the conventional level
of statistical significance (R=0.38, P=0.054).
However, after correcting for body size, in only 4
out of the 17 tested populations, relative dewlap
size still exhibited a significant positive relationship
with bite force (Table 2 and Fig. 2). We additionally
observed that these results based on relative indices
varied widely across populations with estimated
slopes ranging from —0.353 in Little Cayman to
+0.729 in South Abaco (Table 2). Overall, results
of the population sampled outside the breeding sea-
son (i.e., San Salvador) did not deviate from the
other study populations sampled during the repro-
ductive cycle in A. sagrei (both absolute and relative
indices, Tables 1 and 2 and Fig. 1).

An among-population regression analysis (pgls)
failed to find a significant association between the
relative dewlap size—bite force relationship (i.e., slope
coefficient b) and SSD (R=0.11, df =16, P=10.662).
Thus, in populations characterized by larger SSD,
dewlap size in itself was not a more reliable signal
of bite force than in populations characterized by
lower SSD. The same applies to DI, as no significant
correlation was found between the relative dewlap
size-bite force relationship and DI (R=0.23, df=9,
P=0.532). Excluding the population of San Salvador
from the pgls regressions did not alter any of our
results (results remained non-significant, SSD:
R=0.12, df=15, P=0.657 and DI: R=0.13, df =38,
P=10.747).

Discussion

By studying a series of island populations, we here
present our findings on the reliability of dewlap
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Fig. 2 Relative bite force regressed against relative dewlap size for each A. sagrei population, separately. Straight regression lines
represent a significant correlation between both variables, i.e., Andros, Chub Cay, Soroa 1, and South Abaco. Dotted regression lines
represent no significant relationship between relative dewlap size and bite force. Detailed statistics are provided in Table 2. The
illustration (right, below) visualizes a male brown anole biting on a purpose-built force plate.

Table 1 Descriptive statistics of the tested variables

Populations HL (mm) SVL (mm) Dewlap size (cm?) Bite force (N) SSD DI
Acklins 15.09 = 1.06 (10) 56.36 =5.24 (10) 2.58 = 0.68 (10) 5.75+1.45 (10) 1.43 (10, 12) —
Andros 12.81£0.87 (23)  46.37 £3.25 (23) 1.21£0.33 (23) 1.90 £0.51 (23) 1.23 (23, 18) —
Cayman Brac 15.19 = 1.03 (28) 55.07 £4.30 (28) 1.53+0.39 (28) 5.22 £1.65 (28) 133 (28,29) 0.01*0.03 (23)
Chub Cay 13.92£0.88 (20)  47.87 £3.62 (20) 1.67 = 0.49 (20) 3.36 20.92 (20) 1.32 (20, 16) —
Crooked Island 13.68 £1.04 (23)  49.86 £4.61 (23) 1.81£0.61 (23) 3.66 = 1.34 (23) 1.25 (23, 20) —
Grand Bahama 12822143 (24) 4678+ 6.34 (24) 1.59 =041 (21) 226 £1.39 (24) 133 (24, 11) —
Grand Cayman 1447 £121 (27) 51.74 =4.57 (27) 1.64+0.41 (27) 6.11+2.19 (27) 128 (27,29)  0.07x0.11 (24)
Jamaica 13.92£1.00 (32)  48.60 £3.98 (32) 117 £0.27 (32) 6.90 =2.17 (32) 124 (32,23)  0.02x0.03 (22)
Little Cayman 15.17 = 1.06 (28) 53.46 = 4.35 (28) 2.00 = 0.56 (28) 522+ 157 (27) 129 (28,27)  0.01=x0.01 (23)
Pidgeon Cay 1415+0.80 (16)  48.19 £3.28 (16) 156 =0.39 (16) 2.82£0.79 (16) 121 (16, 8) —
San Salvador 16.27 £ 1.52 (27) 58.13 = 5.85 (27) 1.96 £0.75 (27) 7.99 £2.24 (27) 135 (27, 14)  0.02£0.02 (24)
Santa Clara 15.80 £ 0.82 (27) 5521297 (27) 2.06 =0.36 (27) 7.68 = 1.78 (27) 133 (27,24) 0.18=x0.13 (24)
Soroa 1 14.84 = 1.35 (23) 51.10 £4.44 (23) 1.91+045 (23) 6.63+1.94 (23) 124 (23,21)  011%=0.11 (24)
Soroa 2 15.50 £ 1.03 (22) 55.45 = 4.46 (22) 227 =046 (22) 7.53+2.00 (22) 132 (22, 24) 017 x£0.14 (30)
South Abaco 13.07 £1.16 (26)  46.59 £4.15 (26) 1.35£0.48 (26) 227 =096 (25) 128 (26, 21)  0.02=0.04 (21)
South Bimini 14.91 138 (24) 53.66 = 4.60 (27) 1.62 =0.45 (26) 4.04 =113 (24) 130 (27, 23)  0.02£0.02 (20)
Staniel Cay 13.86 = 1.16 (26) 51.82 =541 (26) 1.91 £0.69 (26) 3.14 = 1.05 (26) 1.32 (26, 20) —

Notes: Population means = standard deviations are presented for each population, with the exception of SSD (i.e., mean SVL males divided by
mean SVL females). Sample sizes are provided between brackets for each variable separately; for SSD the number of implemented males and
females is shown (left and right, respectively). HL, head length; SVL, snout-to-vent length; SSD, sexual size dimorphism; DI, display intensity, as
the proportion of time that individuals spent displaying.

size as a predictor for bite performance in a ter-
ritorial Caribbean anole, and how this dewlap
size—bite force relationship varies so drastically
among populations.

We

used

absolute

and 2007).

relative indices to assess the link between dewlap
size and bite force, as both indices can differ in
the messages they convey (Lailvaux and Irschick
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Table 2 Univariate linear regression analyses of bite force (dependent variable) against dewlap size (independent variable) within

population

Population R F df Coefficient b = SE P-value
Absolute bite force against dewlap size

Acklins 0.819 16.28 9 0.761+£0.189 0.004
Andros 0.806 38.81 22 0.758 £0.122 <0.001
Cayman Brac 0.652 19.28 27 0.792 £0.180 <0.001
Chub Cay 0.909 85.16 19 0.948 +0.102 <0.001
Crooked Island 0.810 40.09 22 0.828 £ 0.131 <0.001
Grand Bahama 0.723 20.82 20 1.503 = 0.329 <0.001
Grand Cayman 0.784 39.87 26 0.156 =0.183 <0.001
Jamaica 0.740 36.31 31 0.933 £0.155 <0.001
Little Cayman 0.704 23.55 25 0.682 + 0.141 <0.001
Pidgeon Cay 0.708 14.03 15 0.622 +0.166 0.002
San Salvador 0.904 112.0 26 0.637 £0.060 <0.001
Santa Clara 0.375 4.093 26 0.471£0.233 0.054
Soroa 1 0.870 65.69 22 1.078 = 0.133 <0.001
Soroa 2 0.795 3445 21 1254 +0.214 <0.001
South Abaco 0.762 31.89 24 0.936 £0.166 <0.001
South Bimini 0.729 23.77 22 0.670 +£0.137 <0.001
Staniel Cay 0.799 4248 25 0.651 £0.100 <0.001
Relative bite force against relative dewlap size

Acklins 0.380 1.352 9 0.214+0.184 0.278
Andros 0.413 4.328 22 0.420 £0.202 0.050
Cayman Brac 0.266 1.972 27 —0.303 £0.216 0.172
Chub Cay 0.490 5.679 19 0.635+0.267 0.028
Crooked Island 0.108 0.249 22 0.089 £0.178 0.623
Grand Bahama 0.305 1.955 20 0.345 £0.246 0.178
Grand Cayman 0.153 0.603 26 0.185+0.239 0.445
Jamaica 0.312 3.230 31 0.306 £0.170 0.082
Little Cayman 0.273 1.937 25 —0.353 £0.254 0.177
Pidgeon Cay 0.221 0.720 15 0.186 +£0.219 0.411
San Salvador 0.166 0.707 26 0.112£0.134 0.411
Santa Clara 0.212 1177 26 0.251£0.232 0.288
Soroa 1 0.623 13.36 22 0.639 £0.175 0.001
Soroa 2 0.335 2.523 21 0.451£0.284 0.128
South Abaco 0.495 7.460 24 0.729 £0.267 0.012
South Bimini 0.243 1318 22 0.301 £0.262 0.264
Staniel Cay 0.271 1.907 25 0.198 £0.144 0.180

Notes: Results are shown for regressions with absolute and relative variables, respectively. Significant results (P < 0.05) are shown in bold font.

Absolute dewlap size-bite force relationship

Our results revealed that dewlap size is an excellent
predictor of bite force capacity in nearly all study
populations. A strong association between absolute
dewlap size and bite force in A. sagrei males has also
been reported in all previous studies (Lailvaux and
Irschick 2007; Cox et al. 2009; Driessens et al. 2015),

emphasizing the generality of this finding. In many
animal species, including A. sagrei, body size is the
key predictor in determining combat outcome, with
larger individuals having a substantial advantage over
smaller ones (e.g., Tokarz 1985; Hughes 1996; Hardy
and Briffa 2013). Gathering accurate information on
the opponent’s body size (assessment game) seems
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thus crucial to avoid costs associated with escalated
fights (Andersson 1994; Emlen 2008). Yet, in reality,
the accurate transmission of information is often im-
peded by ambient noise (e.g., precipitation, low light
levels, and windblown vegetation), and particularly
when only one signal component is involved (e.g.,
Fleishman 1992; Lengagne and Slater 2002; Peters
and Evans 2003; Leonard and Horn 2005). A com-
monly adopted signaling strategy to cope with such
impeding factors is to repeat the same message in
different ways by using redundant signal components
(e.g., Zuk et al. 1992; Moller and Pomiankowski
1993; Johnstone 1996). Within all our study popu-
lations, absolute dewlap size correlated strongly with
overall body size and might as such, serve as a re-
dundant signal for body size to increase signal accu-
racy during mate assessment. Characterized by a
brown to grayish body color, A. sagrei is well cam-
ouflaged in the microhabitats it usually occupies
(trunk-ground ecomorph; Schoener and Schoener
1982; Losos 2009). In contrast, its bright yellow to
reddish dewlap is highly conspicuous, due to high
color and pattern contrasts with background vegeta-
tion (Endler 1992, 1993, 2012). Thus, by using the
combination of a more cryptic body together with a
conspicuous dewlap, males can transmit more accu-
rate information on size and consequently, fighting
capacity to opponents. The potential role of the A.
sagrei dewlap as redundant signal for body size
might be most prominent during the early stages
of opponent assessment, when signaling still occurs
over relatively long distances (more ambient noise),
or perhaps during territorial advertisement in order
to discourage unseen rival males from intruding
(McMann 1998; Orrell and Jenssen 2003).
Accordingly, Henningsen and Irschick (2012)
showed in their study that surgically reducing the
size of the dewlap did not change the outcome of
staged close-proximity interactions between size-
matched A. carolinensis males; bite force capacity in
itself appeared to be more important in determining
the outcome of these staged interactions. Based on
their results, the authors suggested that dewlap size
functions as a signal of bite force primarily during
non-directed, long-distance territorial displays,
whereas more direct means of assessing one another
(e.g., jaw size, head size, body condition, push-ups)
may be of higher importance during close-proximity
aggressive interaction. In this respect, future behav-
ioral experiments on A. sagrei testing the importance
of absolute dewlap size as a redundant signal for size
during long-distance versus short-distance male
interactions might be a valuable addition.
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Relative dewlap size—bite force relationship

In addition to conveying information on body size, a
sexual trait can function as direct, honest signal for
advertising fighting capacity (e.g., Panhuis and
Wilkinson 1999; Lailvaux et al. 2005). Evidence for
a positive link between relative male dewlap size and
bite force during the breeding season has been
shown for several territorial anole species
(Vanhooydonck et al. 2005a; Lailvaux and Irschick
2007). Surprisingly, earlier studies did not observe
this correlation in the highly territorial brown anole
lizard, A. sagrei (Lailvaux and Irschick 2007; Cox
et al. 2009; Driessens et al. 2015). By examining a
large set of island populations, we now also found
support for a significant relationship between relative
dewlap size and bite force within A. sagrei, though,
only in 4 out of the 17 tested populations. In con-
trast to our expectations, the degree of SSD and DI
could not explain the observed variation in the rel-
ative dewlap size-bite force relationship found
among our populations. Thus, populations where
relative dewlap size appeared to be an honest signal
of bite force were not per se characterized by a higher
degree of intrasexual selection, which is inconsistent
to earlier findings from Lailvaux and Irschick (2007)
(at the species level). Standard errors of the esti-
mated slopes for the relative dewlap size-bite force
relationships fell within a relatively narrow range
(0.134-0.284, Table 2), and we therefore believe
that our failure to find an association between the
slopes and SSD or DI is due to the low among-
population differences in variance. Another potential
reason why we fail to find an association might be
due to relative low sample sizes. While the majority
of regression analyses showed a high statistical power
(power > 0.99), hence, adequate sample sizes, analy-
ses on the populations where relative bite force was
not significantly correlated with relative dewlap size
were characterized by a relative low statistical power
(power < 0.5). Although our sample sizes and statis-
tical power were similar to those of other studies
that correlated relative bite force with relative dewlap
size (i.e., Vanhooydonck et al. 2005a; Lailvaux and
Irschick 2007; Cox et al. 2009), an increase in sample
size would have increased the power of our analyses,
hence, might have affected our results on an associ-
ation between the slopes and SSD or DI. Moreover,
one can also question the validity of SSD as a mea-
sure of the intensity of intrasexual selection. Indeed,
it has long been pointed out that SSD may also arise
as a consequence of natural selection for reduction
of food competition (Darwin 1871) or on clutch size
in females (Tinkle et al. 1970). Reassuringly, several
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studies have found that among-species variation in
SSD correlates positively with other aspects of sexual
dimorphism (such as dichromatism: Pérez I de
Lanuza et al. 2013; Chen et al. 2012; Dale et al
2015), indicating that SSD is at least to some extent
under sexual selection. In a comparative analysis of
almost 500 lizard species, Cox et al. (2003) did find
significant correlations between SSD and female
home range ratio and female home range size, two
widely accepted proxies for the strength of intrasex-
ual selection. In Anolis, the use of SSD as an indirect
measure of sexual selection intensity has a long tra-
dition (e.g., Trivers 1976; Stamps 1983), although
several studies have suggested that variation in SSD
may be driven by natural selection as well (e.g., Rand
1967; Losos et al. 2003). In a recent study on our
study species A. sagrei, for example, Bonneaud et al.
(2016) reported that resource availability can highly
influence the degree of SSD among insular popula-
tions distributed across the Bahamas. Furthermore,
paternity studies on A. sagrei proved that sexual se-
lection is not uniformly directional with respect to
male size and, therefore, fails to fully explain the
observed male-biased SSD (Calsbeek and Sinervo
2004; Cox et al. 2007). Thus, the use of SSD here
as metric for sexual selection is disputable. Besides,
DI may be a rather “gross” proxy for the degree of
intrasexual selection on each island population, be-
cause A. sagrei males may exhibit displays in various
contexts (Driessens et al. 2014). Clearly, data on re-
liable estimates of the intensity of sexual selection are
required. Some authors have advocated the use of
sex ratios (e.g., Stamps 1983; Muralidhar and
Johnson 2017), but others have warned that it is
unsure to what extent observed sex ratio reflects op-
erational sex ratio (the ratio of breeding males to
breeding females, Cox et al. 2003). Other options
include behavioral observations (e.g., number or du-
ration of male-male aggressive interactions) and dis-
tributional data (territory size, overlap, number of
females per territory, encounter rates; Johnson
et al. 2009; Kamath and Losos 2018), but obtaining
such data for many populations requires substantial
time and effort, which probably explains why, after
50years of research on anoles, such data remain
largely unavailable (Losos et al. 2003).

SSD and DI cannot explain differences in the re-
lationship between relative dewlap size and bite force
among populations, but what other factors poten-
tially can? One possible explanatory factor may in-
volve intrapopulational variation in body size and
the idea that relative indices become particularly im-
portant in populations where opponents match more
often in body size. Transferring information on body
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size is likely the first and most crucial step in the
assessment game (e.g., Tokarz 1985; Hardy and
Briffa 2013), as we already stated in the previous
paragraph. However, when males of similar body
size encounter each other, dewlap size might become
the major signal for advertising fighting capacity. In
support of this idea, we would expect relative dewlap
size to become a more reliable signal of bite force
when variation in body size decreases across popu-
lations. We could simply test this prediction with
available data by regressing the slope of the relative
dewlap size-bite force relationship against variance
in body size across populations. Our data did not
support the proposed idea (pgls regression: coeffi-
cient b variance SVL, R=0.26, df=16, P=0.317),
perhaps because encounters between size-matched
opponents may not occur that frequently.
Moreover, previous studies have shown that when
opponents are more similar in size, fights are more
likely to escalate (as opposed to merely opponent
assessment) and the outcomes harder to predict
(Rand 1967; Molina-Borja et al. 1998; Panhuis and
Wilkinson 1999). This might challenge the view that
honest signals play a major role in the advertisement
of fighting capacity during agonistic encounters be-
tween size-matched males.

Another factor that has recently been reported to
affect the relationship between relative dewlap size
and bite force is resource availability. Particularly,
Lailvaux et al. (2012) showed that under limiting
resource conditions, the honest dewlap size—bite
force relationship in A. carolinensis gets disrupted.
To put this idea to the test, we assessed whether
variation in body condition (an estimate for resource
availability) could explain the variation in the rela-
tive dewlap size-bite force relationship observed
within A. sagrei. Indeed, we obtained a significant
association with body condition (pgls regression: co-
efficient b ~ body mass normalized for SVL,
R=0.62, df =16, P=0.009). However, the correla-
tion was negative and, therefore, opposes the find-
ings reported by Lailvaux et al. (2012). We found
that for A. sagrei males, dewlap size in itself becomes
a more reliable signal of bite force in populations
where males are in worse body condition (the rela-
tionship with body condition was not significant
when using the absolute dewlap size-bite force rela-
tionships, P=0.575). Overall, we suggest that body
size remains, independent of resource availability, the
key predictor during opponent assessment. Yet,
when males of similar body size encounter each
other, the use of dewlap size to honestly signal fight-
ing capacity might be particularly important for
A. sagrei males in poor body condition. We believe
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that males in poor body condition will suffer more
from the exhaustion and injuries related to physical
fights than A. sagrei males in normal or good body
condition. Accordingly, in populations where males
have a low body condition, the strong need to avoid
escalated fights and thus, to precisely assess a size-
matched opponent, might be higher (Andersson
1994; Maynard-Smith and Harper 2003). This may
explain why dewlap size becomes a more reliable
predictor of bite force in such populations. In con-
trast, males under high resource conditions might
directly engage in physical fights when encountering
a size-matched opponent (Rand 1967; Molina-Borja
et al. 1998). Of course, future experiments are
needed to confirm our suggestions and to provide
additional evidence that resource availability, indeed,
influences the correlation between relative dewlap
size and bite force in A. sagrei.

Last, several other factors have been found to ex-
plain variation only in dewlap size and can as such,
also affect the relation between signal size and per-
formance trait. For example, Vanhooydonck et al.
(2009) revealed that A. sagrei males had relatively
larger dewlaps in populations where curly-tailed liz-
ards (Leiocephalus carinatus), known to predate on
anoles, are present. In that same study was also
reported that relative dewlap size increased with
SSD. Also hormone levels (i.e., testosterone) are
proven to change dewlap size in A. sagrei males
(Cox et al. 2009) and can, due to fluctuating levels,
affect the relationship between dewlap size and bite
force throughout seasons. In accordance, a previous
study on A. carolinensis has shown that dewlap size is
only a reliable signal of bite force during the breed-
ing season, and not during winter (Irschick et al.
2006). Following Lailvaux and Irschick (2007), we
sampled our A. sagrei populations during the breed-
ing season, with the exception of one (i.e., popula-
tion from San Salvador). Results from that latter
population did not markedly deviate from the other
study populations, indicating that the dewlap-bite
force relationship in A. sagrei might not be signifi-
cantly affected by season. Yet, experiments assessing
the link between dewlap size and bite force in the
same A. sagrei individuals throughout the year are
needed to accurately assess seasonal effects.

Conclusion

To our knowledge, this is the first study showing
evidence for a link between relative dewlap size
and bite force within A. sagrei populations, during
the breeding season. Based on our results, we suggest
that dewlap size in A. sagrei males is in general a
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redundant signal for body size in the advertisement
of fighting capacity (absolute indices), but only in
particular cases a direct signal of bite force (relative
indices). Our study makes an important contribution
by showing that the relationship between signal size
and performance trait can differ substantially within
one species. We therefore suggest that the use of only
one population is not sufficient to draw general con-
clusions for a whole species, in this respect. Several
factors (e.g., degree of territoriality, resource avail-
ability, season) are already known to affect the cor-
relation between dewlap size and bite force; however,
additional research is needed to shed more light on
how these factors exactly affect this relationship.
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Synopsis Despite the pressing need for accurate forecasts of ecological and evolutionary responses to environmental
change, commonly used modeling approaches exhibit mixed performance because they omit many important aspects of
how organisms respond to spatially and temporally variable environments. Integrating models based on organismal
phenotypes at the physiological, performance, and fitness levels can improve model performance. We summarize current
limitations of environmental data and models and discuss potential remedies. The paper reviews emerging techniques for
sensing environments at fine spatial and temporal scales, accounting for environmental extremes, and capturing how
organisms experience the environment. Intertidal mussel data illustrate biologically important aspects of environmental
variability. We then discuss key challenges in translating environmental conditions into organismal performance includ-
ing accounting for the varied timescales of physiological processes, for responses to environmental fluctuations including
the onset of stress and other thresholds, and for how environmental sensitivities vary across lifecycles. We call for the
creation of phenotypic databases to parameterize forecasting models and advocate for improved sharing of model code
and data for model testing. We conclude with challenges in organismal biology that must be solved to improve forecasts

over the next decade.

Introduction

Many organisms have responded to recent climate
change by shifting their distribution or phenology,
experiencing population shifts, acclimating, or evolv-
ing (Scheffers et al. 2016). Yet, we have little ability
to predict how particular species will respond based
on their traits (Buckley and Kingsolver 2012;
MacLean and Beissinger 2017). Considering the
complexities of how organisms respond to their
environments and to other organisms, our poor pre-
dictive ability is not particularly surprising.
Prediction is particularly challenging because organ-
isms will increasingly experience environments that
are novel with regard to their evolutionary histories
(Veloz et al. 2012; Maguire et al. 2015). A core chal-
lenge is to identify which aspects of organismal bi-
ology are essential to consider and which can be
omitted from predictive models.

Predicting responses to environmental change
offers an opportunity to test our understanding of
organismal biology. Indeed, making accurate predic-
tions requires addressing most of the grand chal-
lenges in organismal animal biology identified by
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the Society for Integrative and Comparative Biology
(SICB) (Schwenk et al. 2009). In particular, physio-
logical insight is needed to integrate across levels of
biological organization (Mykles et al. 2010), whether
organisms use behavior to buffer their environment
must be considered (Sih et al. 2010), and appropri-
ately characterizing organism—environment interac-
tions requires an interplay between theory and
empirical research (Angilletta and Sears 2011).
Robust forecasts require operationalizing knowledge
gained from the grand challenges (Denny and
Helmuth 2009).

Statistical environmental niche models (ENMs) re-
main the most common forecasting tool, but their
performance is mixed (Maguire et al. 2015). For ex-
ample, using ENMs to prioritize reserve design for
mammals during a past period of rapid climate
change yielded performance that was little better
than random prioritization (Williams et al. 2013).
One point of ENMs failure is poor extrapolation
into novel environments (Veloz et al. 2012).
Mechanistic modeling approaches that incorporate
environmental data and phenotypes to estimate

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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physiology, performance, and ultimately fitness
(rather than relying on statistical associations be-
tween environmental conditions and organism pres-
ence as do ENMs) should extrapolate better into
novel environments (Buckley et al. 2010; Urban
et al. 2016).

Effective forecasts must address how organisms
respond to spatially and temporally variable environ-
ments. Many distribution models such as ENMs can
readily incorporate finer spatial data but generally
require temporally averaged environmental data.
They thus omit many important aspects of organis-
mal responses including thresholds, non-linearities,
and thermal histories. Mechanistic models are well
suited to handle time series of environmental data,
but their application is limited by the availability of
biophysical models and organismal data (Helmuth
et al. 2005; Buckley et al. 2010; Urban et al. 2016).

Here we summarize data and modeling limitations
for ecological and evolutionary forecasting and high-
light promising directions. Limitations to environ-
mental data, and to associated climatic, biophysical,
and niche models, undermine our ability to accu-
rately forecast responses to climate change (Dillon
and Woods 2016; Nadeau et al. 2017). The availabil-
ity of environmental data is increasing rapidly, but
they generally are not provided at the fine spatial
and temporal scales relevant to the physiology, ener-
getics, and demography of organisms (Potter et al.
2013). Limited data on morphological and physio-
logical phenotypes (and their inter-individual and
interpopulation variation) hinder modeling organis-
mal responses to environmental conditions (Urban
et al. 2016). Existing knowledge is largely inadequate
to predict how organisms evade (through behavior
or other forms of plasticity) or cope with environ-
mental stresses, particularly given that the incidence
and magnitude of environmental stress varies
temporally.

Most of these limitations have been reviewed else-
where (e.g., Helmuth et al. 2005; Kearney and Porter
2009; Buckley et al. 2010; Huey et al. 2012; Dillon
and Woods 2016; Sinclair et al. 2016; Urban et al.
2016; Dietze et al. 2018), but we see value in a syn-
thetic assessment of challenges for ecological and
evolutionary forecasting and a roadmap for their po-
tential remedies. We highlight recent progress
toward addressing the limitations, which combined
substantially enhance our forecasting capacity. We
consider better leveraging organismal biology as cen-
tral to meeting the remaining challenges. Our assess-
ment concentrates on ectothermic animals for
tractability, but many of the limitations are general
across taxa.
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We advocate integrating models at the physiolog-
ical, performance, and fitness levels to connect envi-
ronmental conditions, phenotypes, and the ecological
and evolutionary consequences of climate change
(Buckley and Kingsolver 2012). We divide our re-
view into three sections corresponding to compo-
nents of the modeling approach (Fig. 1). First, the
environment must be sensed at scales relevant to
organismal physiology. Second, these microclimatic
conditions must be filtered through organismal phe-
notypes to estimate body temperature and organis-
mal energy and water balances (Porter and Tracy
1983). These patterns can be integrated with organ-
ismal performance data to predict consequences for
survival, development, and reproduction. Third,
these different fitness components can be combined
to predict population demography and fitness.

Sensing the environment at scales
relevant to organismal physiology

Online databases and dissemination tools are rapidly
expanding access to environmental data. However,
few tools are equipped to deliver data with suffi-
ciently fine spatial and temporal resolution to be
immediately biologically relevant (but see our
group’s efforts at trenchproject.github.io). Fine scale
data are also limited. Air temperature data are widely
available, but estimating the body temperatures of
terrestrial organisms minimally requires data on sur-
face temperature, radiation, and wind speed and en-
ergy budget models for integrating those data.
Unfortunately, temperature data tend to be available
at spatial resolutions 10,000-fold coarser than the
size of focal animals and 1000-fold coarser than
the size of focal plants (Potter et al. 2013). Most
point or interpolated data are derived from weather
stations with a height of 2 m, where temperatures
can be drastically different from those close to the
ground, where organisms often occupy surface
boundary layers (see also microclimate model section
below).

Dataloggers and sensors

Many researchers try to circumvent these problems
by using data loggers to collect their own microcli-
mate data (Bramer et al. 2018). iButtons and similar
sensors are relatively inexpensive and easily used to
record air or water temperature. Their utility can be
enhanced by embedding them in physical models of
organisms or live organisms so that they indicate
body temperatures (Bakken 1992; Dzialowski 2005;
Helmuth et al. 2016). However, many organisms
are too small to make iButtons practical
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Fig. 1 An ecological forecasting framework using (1) environmental conditions and an organism’s phenotype to predict its physiological
condition such as heat and water balance. (2) Estimates of organismal performance as a function of physiological condition can be used
to (3) predict fitness components such as survival and fecundity and ultimately demography and distributions. The numbers correspond

to sections of our review.

The thermocouples or thermistors compatible with
many data loggers are likewise too bulky for many
small organisms. Small thermocouples or thermistors
generally require channels that measure voltage or re-
sistance levels, which can be prohibitively expensive.
Single loggers with a sufficient number of channels
can cost thousands of dollars, resulting in complex
tangles of thermocouple or thermistor wires connect-
ing to single data loggers. Data loggers suitable for the
fine-scale measurements needed by organismal biolo-
gists remain difficult to obtain and deploy and lag far
behind the technological innovations available for
other applications (e.g., industrial).

Low-cost microcontrollers (e.g., the Arduino
open-source electronic prototyping platform) built
onto single circuit boards are rapidly expanding sen-
sor and data logging options, but biologists often
lack the electronics skills required to deploy the
microcontrollers. Communities of electronic hackers
(create.arduino.cc, hackster.io, instructables.com) as-
sist aspiring creators, but easy to implement plans
for environmental data loggers are needed (but see
github.com/millerlp/Thermocouple_datalogger).
Although low-cost solutions have improved consid-
erably, investment of time and energy is required to
make them reliable (Barnard et al. 2014).
Deployment (e.g., cabling and waterproofing) and
long-term viability in the field remains a challenge
(Lockridge et al. 2016). Approaches for creating
wireless networks of data loggers are also needed.

Sensing spatial variation: IR cameras, drones, and
satellites

Low-cost, versatile data loggers promise improved spa-
tial and temporal resolution for environmental data,
but complementing dataloggers with spatial sensing
tools can improve characterizations of microclimate

variability across landscapes. Information on how ani-
mals use microclimate variability is also needed. As
animals move through landscapes, particularly for be-
havioral thermoregulation, their experience of the en-
vironment can differ drastically from mean conditions
(Huey et al. 2012; Potter et al. 2013; Woods et al.
2015). The spatial distribution of microclimates influ-
ences the efficacy of thermoregulation (Sears et al.
2016). Lightweight tracking devices offer information
on how organisms are moving through and using
microclimates (Kays et al. 2015).

Remote sensing can effectively characterize micro-
climate landscapes in some habitats (Anderson and
Gaston 2013) but is sensitive to methodological
issues such as sensing distance and differences in
emissivity among organisms and surfaces (Faye
et al. 2016). Remote sensing is thus particularly pow-
erful when validated using on the ground sensors
(Sutton and Lakshmi 2017). Promising technologies
for assessing surface temperatures and other environ-
mental variables include thermal cameras mounted
on drones and satellites (Faye et al. 2016). Thermal
cameras are becoming more affordable and accessi-
ble. Options include inexpensive cameras that attach
to smartphones (e.g., FLiR one, SEEK), but they of-
fer limited resolution and accuracy relative to more
traditional thermal cameras. Additionally, few inex-
pensive options offer the ability to expediently ex-
tract temperatures for each pixel or to collect time
series. Reduced restrictions on flying drones are
expanding their use in assessing microclimate land-
scapes (Allan et al. 2015). Although satellite data are
proliferating, many satellites do not collect appropri-
ate thermal IR data for estimating land surface tem-
perature. Hopefully the situation will improve as
new initiatives and private companies expand data
availability (Boyle et al. 2014; Turner et al. 2015).
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Microclimate and biophysical models

Once fine-scale data are obtained, the challenge
remains to estimate how organisms filter the micro-
climates into body temperatures. The challenge con-
sists of two components: (1) estimating the
microclimate experienced by organisms and (2) esti-
mating body temperatures based on microclimate.
Both empirical (sensors) and modeling tools exist
to address each challenge. Sensors mimicking the
physical properties of organisms (e.g., see
“robomussel” section below) indicate body temper-
atures in particular microclimates, but have limited
utility for estimating body temperatures in other
sites, for other organisms, or at other times.
Alternatively, models of energy fluxes within the en-
vironment (e.g., soil) or between organisms and the
environment provide a general approach to predict
temperatures (Kearney et al. 2014; Levy et al. 2016),
but errors can be generated due to both the quality
of the input environmental data and the models’
approximations. We describe modeling approaches
below with the hope of encouraging further devel-
opment and application.

Biophysical equations have long been available to
predict the microclimates and body temperatures
available to organisms based on environmental data
(Porter and Gates 1969; Gates 1980; Campbell and
Norman 2000). Porter and colleagues have pioneered
the development of biophysical models in ecology,
but adoption has been limited due to model inac-
cessibility. Their release of the NicheMapR R package
has recently expanded access to these tools (Kearney
and Porter 2017), but the source code is only avail-
able for a subset of functions at this stage. Other
functions are released only as Fortran executables,
which limits their utility because they cannot be
modified and one must rely on documentation to
understand their performance. Others, including
our research group (trenchproject.github.io), are
working to increase the transparency and adaptabil-
ity of microclimate models by releasing open-source
versions.

For the first challenge component, microclimate
modeling tools can simulate diurnal variation and
estimate temperature and wind speed profiles, which
can scale data from the measurement height (usually
~2m) to the height relevant to organisms (Porter
et al. 1973; Campbell and Norman 2000).
Microclimate models can also be used to estimate
unmeasured variables. For example, soil energy bal-
ances can be modeled to estimating surface and soil
temperatures based on air temperature, wind speed,
and radiation (Kearney and Porter 2017). Solar
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radiation responsible for heating organisms can be
modeled, but cloudiness is an important determinant
of heating and difficult to estimate (Porter and Gates
1969; Porter et al. 1973; Campbell and Norman
2000; Kearney et al. 2014; Norris et al. 2016).

For the second challenge component, energy bud-
get models balance heat losses and gains from ther-
mal and solar radiation, conduction with the
ground, and convection with the surrounding air
or water to estimate organismal body temperatures
(Porter and Gates 1969; Gilman et al. 2006; Kearney
and Porter 2017). The models require phenotypic
data (e.g., solar and thermal absorptivity, morphol-
ogy, and physical properties) in addition to environ-
mental data. Air temperature is often used as a proxy
for body temperature in climate change studies, but
body temperatures can differ substantially from air
temperatures for organisms that absorb solar radia-
tion or evaporatively cool (Sunday et al. 2014).
Increasing availability of biophysical modeling tools
should improve estimates of how organisms experi-
ence microclimates.

Accounting for environmental variability and
extremes

Most techniques for measuring and analyzing envi-
ronmental variability and organismal responses have
focused on mean or constant environmental condi-
tions. Failing to consider environmental variability
and extremes may compromise forecasts. The non-
linearity of biological rates, with rate increases in
warm temperatures occurring faster than linear, leads
mean biological rates in variable environments to
differ from, and generally exceed, biological rates at
mean temperatures (i.e., Jensen’s inequality [Martin
and Huey 2008; Denny 2017]). The asymmetry of
the temperature dependence of organismal perfor-
mance additionally makes accounting for environ-
mental variability essential (Martin and Huey 2008;
Huey et al. 2012; Vasseur et al. 2014; Sinclair et al.
2016).

Extreme climatic events are a biologically impor-
tant component of climate variability, but their in-
herent rarity poses a challenge for assessing their
biological relevance. Environmental statistics offers
techniques for describing the incidence and magni-
tude of environmental extremes, but the approaches
have been only sparsely applied to biology (Denny
and Gaines 2002; Denny et al. 2009). Statistical dis-
tributions that depart from normality (e.g., extreme
value distributions) can accurately characterize the tails
of temperature distributions and improve forecasts of
future extremes (Kingsolver and Buckley 2017).
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Translating time series of environmental data into
frequencies can aid understanding time scales of
environmental variation and biological responses
(Dillon et al. 2016). In addition to the challenge
of quantifying environmental extremes, relatively
few measurements of biological responses and rates
(other than critical thermal and survival limits) are
made at temperatures corresponding to the tails of
distributions  (Kingsolver and Buckley 2017).
Quantifying responses in variable and extreme envi-
ronments will be central to accurate ecological and
evolutionary forecasts.

Case study: assessing environmental variability and
extremes for intertidal mussels

Helmuth and colleagues have deployed an extensive
network of robomussels-thermal data loggers with
physical properties similar to mussels and thus
with similar body temperatures. The data demon-
strate the ubiquity of body temperature variation
both within and among sites (Helmuth 2002;
Helmuth et al. 2010, 2016). Here we leverage their
published database (Helmuth et al. 2016) to illustrate
the environmental variation within and among sites
on the US west coast. Quantifying environmental
variability and extremes can inform forecasting tools
and enables generating realistic environmental data
for incorporation in ecological and evolutionary
forecasts.

We downloaded data for all sites in Washington,
Oregon, and California from http://datadryad.org/re-
source/doi:10.5061/dryad.6n8kf. We analyzed all
years of available data and all tidal elevations. We
conducted a frequency analysis (employing the spe-
c_lomb_phase R function available at github.com/
georgebiogeekwang/tempcycles/) to analyze the am-
plitude of environmental variation as a function of
frequency (Wang and Dillon 2014; Dillon et al.
2016). We consider a sequence of 400 frequencies
ranging from 0.001 to 1days '. Finally, we apply
generalized extreme value (GEV) statistics (as in
Kingsolver and Buckley 2017) to characterize the in-
cidence of extreme thermal stress events. We fit GEV
distributions to maximum daily robomussel temper-
atures using maximum likelihood and the gev.fit
function in the ismev R package. We fit stationary
distributions, but note that non-stationary fits can be
used to account for shifts in the distribution due to
climate change. We use the generalized Pareto dis-
tribution to characterize the tails of the distribution.
We fit the distribution using maximum likelihood
with the fpot function from the R package evd.

L. B. Buckley et al.

Our R code is available at github.com/lbuckley/
ClimateBiology.

The maximum daily temperatures of robomussels
vary considerably within sites across the summer sea-
son due to microclimate differences (Fig. 2a). Local
microclimates are particularly variable for intertidal
mussels because heat extremes are experienced when
the mussels are exposed to solar radiation during low
tide. Thermal extremes depart from a typical latitu-
dinal pattern, dramatically so because low tides tend
to occur at midday in summer at the northern sites
(Helmuth 2002; Helmuth et al. 2016). For example,
the mid latitude site in Oregon reaches more extreme
daily maxima than the southern California site
(Fig. 2a). Microclimate variation is particularly pro-
nounced for mussels due to their occupying different
tidal elevations, but we note that similar vertical mi-
croclimate gradients occur in other habitats such as
forests (Scheffers et al. 2014; Kaspari et al. 2015).

Employing a Fourier transform to partition the
environmental variability into a sum of sine waves
with different phases allows examining how the am-
plitude of environmental variation varies as a func-
tion of time interval (Wang and Dillon 2014; Dillon
et al. 2016). Applying the analysis to robomussel
data from three exemplar sites reveals that intervals
of temporal variation are fairly characteristic within
sites (Fig. 2b). We highlight the amplitude of varia-
tion at intervals of 1week, 2weeks, 1 month, and
lyear. Each of the sites exhibits extensive variation
at the 2-week interval, corresponding to tidal cycles
(Fig. 2b). Diurnal variation is substantial. The sites
also experience pronounced interannual variation,
likely reflecting regional climate oscillations.

Expanding the analysis to additional sites confirms
that patterns of thermal stress depart from smooth
latitudinal clines (Fig. 3). Northern sites tend to ex-
perience the most pronounced seasonal variation.
While summers are generally cooler, the northern
sites exhibit the warmest summer extremes due to
large tidal fluctuations (Helmuth 2002; Helmuth
et al. 2016).

GEV statistics can quantify the latitudinal patterns
of variation (Kingsolver and Buckley 2017). GEV
distributions are appropriate for distributions that
depart from normality due to thick tails correspond-
ing to a high prevalence of thermal extremes.
Although GEV analyses have more frequently been
applied to rare extreme events, they are increasingly
being applied to daily maximum or minimum tem-
perature data (Kingsolver and Buckley 2017). GEV
distributions are described by three parameters: lo-
cation indicates the position along the x axis, scale
indicates the breadth, and shape indicates the
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Fig. 2 (A) Seasonal patterns of robomussel maximum daily temperature are variable both among (column labels: site names and
latitudes) and within (colors: subsites, which vary in tidal height and habitat within sites). We depict data from 2002. Thermal extremes
do not follow latitudinal gradients. See huckleylab.shinyapps.io/ClimateBiology/ for an interactive version. (B) Patterns of temporal
variability can be characterized by analyzing the amplitude of variation as a function of frequency. Vertical lines indicate intervals of

(from right to left) 1week, 2 weeks, 1 month, and 1year.

heaviness of the tail (illustrated in Kingsolver and
Buckley 2017). Fitting GEV distributions to robo-
mussel data reveals that most subsites have heavy
tails (shape parameters>0 corresponding to a
Frechet [type II] distribution). A minority of sites
have shape parameters near zero (Gumbel [type I]
distribution with a light tail) or less than zero
(Weibull [type IIT] distribution with a bounded tail).

Although the mean robomussel data depart from a
latitudinal cline, GEV analyses reveal latitudinal pat-
terns of environmental variation. The southern sites
exhibit warmer conditions on average (in part reflect-
ing water temperatures), indicated by the GEV distri-
bution being centered at higher temperatures (Fig. 4
location parameter). However, the northern sites tend
to have fatter tails reflecting a higher incidence of
thermal extremes (Fig. 4 shape parameter). The
breadth of the temperature distribution does not

exhibit a latitudinal cline (Fig. 4 scale parameter).
There is considerable variation in GEV parameters
within sites corresponding to microclimate variation.
GEV distributions—centered at warmer temperatures
at the southern sites but possessing a heavier tail at
northern sites—produce similar magnitudes of tem-
peratures that are potentially stressful for organisms
such as mussels. Consequently, neither the percent of
days with temperatures above a 35°C threshold nor
the maximum daily temperatures expected to be
reached within 100 year intervals (100year return in-
terval) exhibit pronounced latitudinal patterns (Fig. 4).

Quantitative tools such as Fourier transforms and
extreme value statistics are well suited to make sense
of complex patterns of environmental variation.
Both frameworks can be used to generate future en-
vironmental data for incorporation in ecological and
evolutionary forecasts (Dillon et al. 2016). Applying
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Fig. 3 The mean (across years) of monthly maxima of robo-
mussel daily temperatures departs from smooth latitudinal clines
in summer months. Northern sites tend to experience the
greatest seasonal fluctuations and the warmest summer
extremes. The latitudinal axis is non-linear and the white line
delineates northern and southern sites.

the tools highlights the importance of considering
spatial variation within sites as well as variation in
body temperatures rather than simply environmental
temperatures, particularly for sessile organisms such
as mussels.

Translating environmental conditions
into organismal performance

Laboratory and field measurements of the tempera-
ture dependence of organismal performance (e.g.,
thermal performance curves, TPCs) allow estimating
responses to the environment. However, the meth-
odology, conditions, and metrics of physiological
and performance measurements often poorly reflect
the spatially and temporally variable environments
that organisms occupy (Sinclair et al. 2016). We
summarize three key pitfalls in applying TPCs to
estimate responses to the environment and propose
future research needed to address the pitfalls: (1)
timescales of measurements are often misaligned
with the timescales of organismal response; (2) or-
ganismal responses often exhibit threshold temper-
atures, which are poorly captured in measurements;
and (3) organisms respond differentially to temper-
ature across their lifecycle, but measurements are
generally restricted to a single life stage (Williams
et al. 2016). We additionally advocate for
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compilations of laboratory and field measurements
to facilitate their incorporation in forecasts.

Timescales of responses

Data are increasingly showing that environmental
variability and extremes strongly influence organis-
mal responses. For acute thermal stress responses,
assessment methods, particularly the rate at which
temperature ramps, can bias estimates of critical
thermal limits (Terblanche et al. 2007; Rezende
et al. 2011). Over longer times scales, growth and
development rates vary with whether they are mea-
sured at a series of constant temperatures, as is gen-
erally done, or in fluctuating temperatures
(Kingsolver and Woods 2016). Translating between
the timescale of measurement and of organismal
responses to environmental variation is an important
future objective.

Environmental history also shapes how organisms
respond to their environments. The duration, sever-
ity, and frequency of past environmental stress deter-
mines whether organisms are less sensitive to the
stress due to acclimation or more sensitive due to
incurred damage or energetic costs (Williams et al.
2016). For example, organisms from variable, stress-
ful environments tend to continuously express heat
shock proteins, but have less capacity to induce ad-
ditional expression in response to an acute thermal
stress (Cavicchi et al. 1995; Hofmann and Todgham
2010). Environmental history also influences whether
organisms respond to multiple stressors synergisti-
cally, additively, or antagonistically (Gunderson
et al. 2016). We note that our review focuses on
forecasting approaches based on temperature because
physiological responses to temperature are better
quantified than responses to other environmental
conditions. Ignoring other stressors could invalidate
forecasts, but we feel it is most tractable for general
forecasting approaches to start with forecasting
responses to temperature and subsequently build in
responses to other, potentially interacting, stressors.
Forecasts of responses to multiple stressors for par-
ticular organisms will inform future, general fore-
casts. Resource availability additionally interacts
with temperature to determine organismal perfor-
mance (reviewed by Sinclair et al. 2016).

Thresholds

Organismal responses to environments are generally
non-linear and dependent on whether thresholds are
crossed. These thresholds include temperatures at
which mortality or reproductive failure occurs, activ-
ity is limited, or energy or metabolic expenditure
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Fig. 4 Generalized extreme value (GEV) statistics provide insight into the likelihood of extreme thermal stress events for intertidal
mussels. Within each panel corresponding to a GEV metric, sites are presented along a latitudinal cline on the US West Coast. The
vertical line delineates northern and southern sites. The GEV distribution is centered at higher values at southern sites (location
parameter) but has a longer tail of extremes at the northern sites (shape parameter). The breadth (scale parameter) is similar across
sites. Consequently, the percent of days above a 35°C threshold and the highest temperature estimated to be reached over a 100 year
return interval (100year return) does not exhibit a latitudinal cline.

exceeds supply (Williams et al. 2016). Characterizing
thresholds for an organism is a challenge for integra-
tive biologists, particularly because the thresholds are
sensitive to timescales of environmental variability
and environmental history. For example, dividing a
period of cold exposure into shorter, repeated expo-
sures reduced the mortality and also the fitness of
flies relative to a single exposure (Marshall and
Sinclair 2009). Variation in thresholds also occurs
across factors including seasonality, life stage, habi-
tat, and oxygen levels (reviewed by Sinclair et al.
2016).

Integrated consideration of the life cycle

Life stages differ in exposure and sensitivity to their
environment (Kingsolver et al. 2011). They vary in
microhabitat, coloration, and mobility. Differences
can be as dramatic as marine organisms inhabiting
pelagic environments as juveniles but intertidal envi-
ronments as adults (Helmuth et al. 2005). Yet, meas-
urements of thermal sensitivity tend to simplify life
cycles or to be restricted to a single life stage (Levy
et al. 2015). A comprehensive understanding of the
impact of the environment on fitness requires an
integrated consideration of environmental exposure
and sensitivity across the life cycle that additionally
considers environmental seasonality (Williams et al.
2015).

Databases of phenotypes, physiology, and
performance measurements

Generalizing to numerous species will require data-
bases compiling physiology and performance meas-
urements. Those measurements that are currently
available are often difficult to compare and buried
in papers, unpublished theses, and gray literature.
Initial traits to include in a database of animals
might include critical and lethal thermal limits, pre-
ferred body temperatures, physiologically optimum
temperatures, and TPCs for key performance meas-
ures. Thermal tolerance databases are available
(Bennett et al. 2018), but broad databases for animal
physiology largely are not (Urban et al. 2016).
Morphological and life history data are increasingly
available (Jones et al. 2009; Wilman et al. 2014;
Myhrvold et al. 2015). Researchers, including those
attending a SICB Macrophysiology workshop (http://
www.sicb.org/meetings/2013/macrophysiology.php),
have called for a comprehensive database for animal
phenotypes, physiology, and performance measure-
ments, but progress has been limited.

Databases for animals have lagged behind those
for plants (Kattge et al. 2011) in part because plant
ecologists and physiologists have agreed upon stan-
dard measurements and measurement techniques
(Cornelissen et al. 2003). Agreement on protocols
was eased by most plants having an important and


Deleted Text: but 
Deleted Text: thermal performance curve

46

restricted unit of focus (leaves) and appropriate and
widely available tools (e.g., Licor 6400 photosynthesis
system) to quantify relevant traits. Although consen-
sus protocols may be more elusive for animals, they
are essential. A recent paper compiles protocols for
functionally-relevant traits of terrestrial invertebrates
(Moretti et al. 2017) and may provide an initial step
toward a comprehensive database. Machine learning
initiatives (e.g., the opensource DeepDive and Snorkel
initiatives) designed to extract data from publica-
tions have succeeded in constructing paleontology
databases and may aid construction of an animal
phenotype database (Peters et al. 2014). However,
vetting and hand curating are often required to ex-
tract data from unstructured content.

The Global Biotraits Database (Dell et al. 2013)
primarily compiles the thermal responses of ecolog-
ical rather than physiological traits, but it illustrates
the database challenges. Measurements tend to span
a restricted range of temperatures relative to those
organisms experience and to omit stressful or ex-
treme temperatures (Fig. 5a). Measurements are of-
ten taken at a low number of constant temperatures
(Fig. 5b), which makes it challenging to understand
responses to variable environments (Kingsolver and
Woods 2016; Williams et al. 2016). These character-
istics reduce accuracy and often lead to extrapolation
when describing thermal responses.

Ecological and evolutionary
consequences of climate change

A particularly challenging component of forecasts is
estimating fitness components from performance.
Environmental variation and subsequent perfor-
mance variation makes the estimation especially
challenging (Martin and Huey 2008; Vasseur et al.
2014; Denny 2017). A viable approach is to translate
performance into fecundity via the currencies of en-
ergy or time (Dunham 1993). Periods of low perfor-
mance or conditions that preclude performance may
reduce survival. One problem with fitness estimates
is that most modeling is based on assuming linear
(proportional and unidirectional) responses to mean
environmental conditions. Yet, almost all organismal
responses are non-linear and variable over short time
periods.

As environmental and biological data increase in
availability, techniques for temporal aggregation that
reflect how organisms integrate climatic histories
over their lives are needed (Huey et al. 2012). The
sequence of environmental conditions, particularly
time for recovery, determines the incidence of ther-
mal stress. An appropriate aggregation would reflect
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non-linearities in biological responses (such as rap-
idly increasing biological rates with increasing tem-
peratures) and thresholds (such as temperature
cutoffs for activity). Translating environmental con-
ditions into metrics such as body temperatures, per-
formance, or energetics at temporal intervals
matching that of biological responses enables appro-
priate aggregation. These aggregation approaches
would complement many ecological forecasting
models, such as ENMs that are generally based on
mean environmental conditions (Buckley et al.
2010).

Forecasting approaches that estimate fitness asso-
ciated with phenotypes can be used to predict evo-
lution. They allow estimating selection as well as
considering the fitness consequences of acclimation
and plasticity (defined to include all forms of phe-
notypic change, from long-term irreversible to short-
term reversible). The interplay of plasticity and se-
lection will be central to responses to climate change.
Plasticity can slow evolution by buffering selection.
For example, behavioral thermoregulation by lizards
can initially buffer thermal stress associated with cli-
mate change, but can ultimately confer sensitivity to
climate change by reducing selection (Huey et al.
2012; Buckley et al. 2015). Conversely, plasticity
can facilitate evolution by enabling persistence or
reducing variability in the direction and magnitude
of selection associated with environmental variability
(Chevin et al. 2010; Hendry 2015). Linking pheno-
types to fitness suggests that the latter is the case for
Colias butterflies: phenotypic plasticity can reduce
variation in selection in response to both seasonality
and interannual temperature variability and ulti-
mately facilitate evolution in response to climate
warming (Kingsolver and Buckley 2017).

Much additional research is needed to develop
robust and general approaches to estimating fitness
based on information about phenotypes and envi-
ronments. For example, field experiments assessing
selection in variable natural environments are needed
to confirm predicted linkages between phenotypes,
performance, and fitness. Emerging “omic”
approaches (such as using genomics to infer the ge-
netic basis of adaptation, using epigenetics to assess
plasticity, and using metabolomics to assess the en-
ergetic implications of environments) offer promise
in uncovering the genetic basic of responses to the
environment as well as plasticity and selection in
response to environmental variability and change
(Bay et al. 2017). This information from omics will
enable forecasts to better translate from environmen-
tal conditions to performance to fitness and evolu-
tion. Omic approaches will be particularly valuable
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Fig. 5 The Global Biotraits Database (Dell et al. 2013) illustrates limitations in thermal response measurements. Measurements tend to
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for ecological forecasting when coupled with con-
trolled laboratory or field environmental manipula-
tions, common gardens, or reciprocal transplants
(Hoffmann and Sgro 2011). Many evolutionary fore-
casts will likely need to rely on quantitative genetic
models because many traits involved in temperature
dependence are determined by complex genetic
mechanisms (Reusch and Wood 2007; Gienapp
et al. 2008; Shaw and Etterson 2012). Finally, experi-
ments are needed to assess heritability of such traits
for use in evolutionary forecasts.

Models translating from environmental conditions
and phenotypes to performance and ultimately fit-
ness may be considered null models for forecasting.
Other factors including species interactions and dis-
persal limitations that we omit here may strongly
impact fitness and population dynamics and should
subsequently be incorporated (Buckley et al. 2010;
Urban et al. 2016). Although we have focused on
estimating fitness from performance, the approach
is complementary to other approaches being devel-
oped (Dietze 2017).

Forecasting challenges

Progress toward meeting these challenges has been
occurring steadily since previous reviews (e.g.,
Helmuth et al. 2005; Kearney and Porter 2009;
Buckley et al. 2010; Huey et al. 2012), but many chal-
lenges persist (Sinclair et al. 2016; Urban et al. 2016;

Dietze et al. 2018). Improving our capacity for eco-
logical and evolutionary forecasting depends on ad-
equately characterizing organismal responses to
spatially and temporally variable environments.
Physiological, performance, and fitness responses to
environmental fluctuations and extremes are charac-
terized by nonlinearities and thresholds. Responses
and whether they are modified by stress, acclimation,
or plasticity are contingent on the environmental
histories organisms have experienced.
Environmental sensitivities vary across organisms’
lifecycles. Microclimate selection and other forms
of behavioral buffering alter how organisms experi-
ence environmental fluctuations. Accounting for all
these complications of organism-environment inter-
actions can be daunting, but emerging data and
models promise to improve forecasts (Urban et al.
2016).

Much progress toward meeting these challenges
has come in the form of delving into the empirical
details of how the environment influences organis-
mal performance and fitness and building forecasting
approaches for particular organisms. The accumula-
tion of these studies has positioned the research
community to meet the challenges by generalizing
understanding and approaches. Meeting the chal-
lenges is likewise aided by nearly 10 years of effort
toward meeting the SICB grand challenges in organ-
ismal biology (Schwenk et al. 2009).
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Over the next decade, we hope to see substantial
progress toward solving the following challenges:

1. Sensing the environment at scales relevant to or-
ganismal physiology:

a. We need low-cost dataloggers with probes capa-
ble of collecting data on multiple environmental
variables at scales appropriate to organisms.
This goal will be facilitated by developing simple
manuals and knowledge sharing initiatives for
building data loggers from low-cost, simple-to-
use microcontrollers and other technologies.

b. We require descriptions of spatial microclimates
that can be obtained by environmental sensing
technology including drones and satellites.
Citizen science projects and private initiatives
(e.g., www.planet.com) have the potential to
rapidly augment data availability and enhance
data accuracy and spatiotemporal resolution.

¢. We need microclimate and biophysical models

capable of integrating data to accurately predict

the body temperatures and conditions of

organisms in their microclimates. The

NicheMapR package is increasing awareness

and usability of these tools but we encourage

the release of source code to increase transpar-

ency. We invite anyone interested to contribute

to our open-source initiative (trenchproject.

github.io) or others.

Assessment: Emerging technologies and a push

toward open computing should enable meeting this
challenge within the decade.

2. Translating environmental conditions into or-
ganismal performance:

a. We need more and better biological data if our
forecasts are to improve. We hope to see the
development of a database compiling animal
phenotypic, physiological, and performance
measurements relevant to forecasting. Design of
the database should be done by consensus of a
group willing to struggle with the methodological
issues outlined above. What methodologies will
be tractable while retaining the essential details of
organisms’ non-linear responses to their environ-
ments? Are there standard kinds of microclimatic,
physiological, and environmental data that
should be collected? Large scale initiatives to col-
lect data for numerous species in a systematic
manner will be required to fill and maintain
the database (Urban et al. 2016).

Assessment: We see the development of databases,
particularly those containing phenotypes, as the most
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urgent forecasting challenge, which we hope funders
will help meet.

3. Ecological and evolutionary consequences of cli-
mate change:

a. Publishing well-documented code (Mislan
et al. 2016), release of software packages,
and ideally developing common standards
for model parameterization and data formats
(e.g., Zoon R package, github.com/zoonproject/
zoon) will speed modeling progress. Models and
data collection efforts need to proceed in
concert.

b. Although forecasting techniques are proliferat-
ing, many remain poorly tested (Maguire et al.
2015). Historical data, including environmental
data, phenotypes, and ecological survey data, are
necessary to test models. Necessary ecological
data include phenology, distribution, and abun-
dance data. Focusing on a select but diverse set
of organisms (e.g., initially several ectothermic
[insect and lizard] species, but eventually
endotherms) would aid tractability. We need
to assemble and disseminate both recent and
paleo datasets for testing models. Historical
data for model testing are currently limited,
but we must collect data in a manner such
that it can be used for future model testing.

c. The development of forecasting approaches
should be forward-thinking and harness the
potential of new types of data (e.g., omics)
that may be readily available in the near future.

Assessment: General forecasting models are likely
a distant reality, but practicing open-source science
aimed at increasing reproducibility (Parker et al.
2016) and prioritizing model testing and adaptability
will accelerate progress.

These and other challenges have led to continued
predominance of statistical forecasting techniques
that ignore important aspects of organism—environ-
ment interactions and perform poorly at predicting
responses to past environmental changes (Maguire
et al. 2015). Forecasting approaches that better ac-
count for temporal and spatial environmental varia-
tion and its influence on organismal physiology,
performance, and fitness are overdue. Despite the
difficulty, it is time to dedicate substantial effort
and resources to improving forecasting models and
collecting necessary data for parameterization. We
need to accelerate the search for a middle ground
to forecasting-models that are sufficiently simple to
be generalized to numerous species but that include
the complexities of how organisms respond to their
temporally and spatially variable environments
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necessary for robust forecasts. And we need the help
of diverse organismal biologists from within SICB
and beyond.
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Synopsis With stories of struggle and dramatic breakthroughs, science has incredible potential to interest the public.
However, as the rhetoric of outrage surrounds controversies over science policy there is an urgent need for credible,
trusted voices that frame science issues in a way that resonates with a diverse public. A network of informal educators,
park rangers, museum docents and designers, and zoo and aquarium interpreters are prepared to do so during millions
of visits a year; just where science stories are most meaningfully told—in the places where members of the public are
open to learning. Scientific researchers can benefit from partnerships with these intermediaries who are accorded status
for their trustworthiness and good will, who have expertise in translating the science using language, metaphors,
encounters, and experiences that are appropriate for non-experts. In this volume, we describe and probe examples
wherein scientists work productively with informal educators and designers, artists, staff of federal agencies, citizen

scientists, and volunteers who bring science into the public eye.

Introduction

In so many ways today’s science communication is
not our parents’ experience of science communica-
tion. Authoritative male voices dominated the sound-
scape during the 20th century. Communication
strategies channeled the flow of science information
from expert to public. Experts assumed that a better
informed public would value scientific research and
make scientifically informed decisions (Irwin and
Wynne 1996). In shifting to a science communication
model that prioritizes public engagement, individuals’
interests, questions, and motivations become central
(McCallie et al. 2009; Storksdieck et al. 2016). The
National Resource Council consensus report (2009)
highlights the role that informal science learning
institutions like zoos, science centers, and parks
play in fostering engagement. A wide variety of set-
tings makes it possible for the public to encounter
science and scientists themselves in different ways,
some more visual, playful, and explicitly instructive
than others (National Research Council 2009;
Storksdieck et al. 2016).
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Funders expect scientists to engage with audiences
beyond their peers and colleagues as Alpert and
Risien and Storksdieck point out in their articles in
this volume. Clearly when scientists leave university
lecture halls for science cafes, museums, and commu-
nity science fairs, opportunities for bi-directional di-
alog increase. To prepare scientists for speaking in
these settings, the Alda Center for Communicating
Science at Stonybrook University uses improvisational
games to enhance connections between presenters
and public audiences. The Story Collider team offers
coaching on personal science stories, while Portal to
the Public, a collaboration funded by the National
Science Foundation, initiated a robust model for
museums to structure and sustain opportunities for
scientists to engage the public in their current
research  (Selvakumar and Storksdieck 2013).
Nowadays conversations between the public and sci-
entists about their experiences as learners, as research
assistants, and investigators frequently occur in sci-
ence centers, and emerging scientists are eager to en-
gage in these conversations (Storksdieck et al. 2017).
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Setting expectations for scientists to communicate
with the public does little to solve the dilemma sci-
entists face: how to fit public appearances in among
their research, teaching, and obligations to their
institutions. Wildlife biologists and long-time SICB
members Hristov and Allen teamed up with informal
education researcher, Merson, from TERC in 2013.
TERC’s expertise in STEM learning and teaching in-
fused the new team’s scientific outreach efforts in
national parks with inquiry approaches. After partic-
ipating in professional development, park rangers
began engaging park visitors in conversations about
the methods and relevance of the research (see
Allen et al. this volume). Based on the enthusiastic
response to the joint effort, Interpreters and
Scientists Working on Our Parks (iSWOOP), we
proposed the symposium, Science in the Public
Eye: Leveraging Partnerships. We stepped into this
arena, determined to showcase projects and models
that do not require scientists to shoulder the respon-
sibility for public engagement alone. We recruited
presenters who could speak to the challenges and
opportunities of partnerships. We encouraged exam-
ples and practical recommendations for how scien-
tists could go about leveraging opportunities.
Throughout the symposium and in the papers in
this volume, presenters set out to inspire emerging
and established scientists and researchers alike to
think strategically about the sort of partnerships
they could initiate or benefit from to achieve broader
impacts so that perfecting their ability to communi-
cate about science and then communicating science
don’t eclipse doing science.

We, iSWOOP’s project leaders, promote partner-
ships between those scientists who have limited ca-
pacity to devote to outreach and public engagement
and professionals whose job it is to engage the public
in science in out-of-school settings. The approach
has proven successful and popular. When education
rangers in national parks who have the jobs most
closely akin to museum docents and science center
floor staff, hear about iSWOOP, they nod. They
speak eloquently to the need for access to published
current, park-based, park-relevant science, and the
scientists themselves (see the first video on offer
here: http://www.iswoopparks.com/about/project-de-
scription/, for example). Opportunities for inter-
preters to hear firsthand about scientific studies,
give accounts of phenomena from their place-based
observations, and exchange stories and questions
with scientists are welcome, but relatively rare
(MacDonald 2013; Char 2015; Merson et al. 2017).
Once iSWOOP brings together scientists, park
rangers and informal science educators for
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classroom-based and field-based professional devel-
opment (see Allen et al. this volume), more visitors
begin to see and hear about the many park-based
and park-relevant science projects that happen be-
hind the scenes. Trusted by the public, dedicated
to science translation, and skilled at crafting stories
for multi-age audiences, park rangers are ideal
ambassadors for the science that too often gets left
out of the public discourse. This is the message we
wanted to bring to members of the Society for
Integrative and Comparative Biology: dedicated and
talented partners await you in a venue that makes
sense for your science.

More than the facts

Science is more than anything the pursuit of ques-
tions, figuring out ways to find out what we don’t
know. It is about revising the record, constantly re-
fining what we know. It is about how we know and
not taking on faith, but being intrigued with new
ways to investigate our world. It is about using sci-
ence for us, our lives, our comfort, and our deci-
sions. While we rely on science to explain how the
world works, these less traditionally visible aspects of
science scholarship are worth valuing and promoting
in informal settings. In the educational literature,
they are science process standards and they are inte-
gral to inquiry (National Academy of Sciences 1995).
The symposium organizers, iSWOOP project leaders
and advisors, have distilled these four belief state-
ments to counteract the sticky notion that science
is about factual information gathered by white men
working alone in windowless labs. We owe a debt to
Stuart Firestein (2012) for his formulation of the role
of questions in scientific research.

o Science is about questions, finding, and exploring
the next question.

o Scientific research is full of compelling stories of
how we know what we know.

o Science is about constant revision; the facts will
change.

e Science matters when we, collectively, use it to
inform decisions.

Contributors to the recent Legacy Magazine issue
on science communication issued by the National
Association for Interpretation concur with the need
to dwell on the idea of science as constant revision.
Holt (2017) writes:

We want to operate on that brink, challenging
audiences to think critically and become involved
by realizing that the scientific process is on-going.
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To do this, we must take up the information
where the scientists left off by remembering what
science is at its fundamental core: questioning
everything. ... One new finding can completely
change the story we thought we were telling. ...

By introducing the reality that what people are
learning today could be refuted in the future, inter-
preters free their audiences from a sense that every-
thing in the world is understood.

Credible voices needed

Turning over one’s science for others to translate can
be nerve-wracking. University-based scientists rightly
perceive that speaking about implications of their
research outside of professional circles carries risks
to their credibility with consequences—from per-
ceived advocacy, overstated claims, or imprecise
statements (often made by the media on their behalf)
(Horton et al. 2016). Credibility is easily lost.
Misrepresentation can have fearsome consequences
(see Elin Roberts, The Bacon Sandwich, for example,
https://www.storycollider.org/stories/2016/1/1/elin-
roberts-the-bacon-sandwich).

In this introduction, we lay out the potential for
partnerships to increase the delivery and visibility of
science through trusted channels. Widespread skep-
ticism based on perceptions of corporation-slanted
(funded) research, and media and government
more generally, make partnerships with trusted insti-
tutions valuable and critical (Nisbet 2014). Such
institutions and their staff members, particularly
the intermediaries in the world of informal, out-of-
school learning, can make scientific research visible
and place members of the public closer to the science
process (National Research Council 2009).

Interpreters and scientists face quite different chal-
lenges in communicating to the public about scien-
tific research. Among their peers, scientists’
credibility is tied to precision. Their training leads
them to highlight details, facts, and to hedge (Olson
2009). They fear their credibility will suffer if they
overstate claims or are perceived as advocates for
policies rather than neutral fact-givers (Jensen
2008; Horton et al. 2016). Intermediaries are
regarded as knowledgeable if they work in an exhibit
or park. Some have doctorates and accumulated ex-
pertise, but many are generalists, hired for their abil-
ity to communicate. Their credibility derives from
their goodwill toward the public and perceptions of
their trustworthiness (Fig. 1). In organizational liter-
ature, trustworthiness includes benevolence as well as
ability and integrity. Mayer et al. (1995) argue that
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ability, benevolence, and integrity are important to
trust, and each may vary independently of the others.

Similar to firefighters, park rangers epitomize
trustworthiness as their actions are predicated on
concern for others’ safety and well-being. Looking
at the criteria Mayer et al. (1995) set out for achiev-
ing trust, park rangers, like museum docents, and
other intermediaries have little motivation to lie.
They don’t benefit financially from their interactions
with the public. They do not get ahead by misrep-
resenting research. Their mission is to reveal the sig-
nificance of natural and cultural resources, to arouse
wonder and awe (Ham 2013). Whereas scientists
have an allegiance to data, to their subject, or disci-
pline, interpreters’ stature and success are inextrica-
bly linked to visitors’ experience. If visitors are
satisfied, comment positively, and return for more,
the interpreters are successful.

Transparency is critical to trust. When science is
physically removed from many people’s view and
daily life, a breach in transparency results.
Perceptions of legitimate, transparent, and/or bind-
ing procedures enable confidence in others (Stern
and Coleman 2015). Partnerships that give the sci-
ence process visibility, such as the projects described
in this volume, restore transparency and thereby
contribute to the perception that science is a collec-
tive endeavor, a human enterprise with human sto-
ries of success and failure, creativity, and dogged
determination. The contributing authors are active
and visible in their fields. In more than one case,
their contributions are synthesized slices of decades
of work. But this compendium is a first for them to
be published in each other’s company, visible to the
community of organismal biologists. This is another
aspect of transparency that is relevant to leveraging
partnerships.

Possible venues, allies, and outcomes

In this volume, authors testify that new partnerships
require an investment of time and energy and deter-
mination. Unfortunately, scientists, journalists, and
educators concerned about research and learning
do not have the luxury of putting them off for an-
other day; basic research is under attack now
(Zimmer 2018). As scientists seek new partners for
outreach and education, all of the authors recom-
mend explicitly discussing expectations (e.g., Alpert;
King et al. this volume; as well as Gill et al. this
volume and Harrower et al., this volume). Naming
the expected outcomes, audience, funding sources,
and time commitments keeps everyone’s expecta-
tions realistic.
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Fig. 1 Scientists and interpreters derive credibility in different ways.

In this volume, we learn from those who have
worked productively with environmental educators,
designers, and others who can give visibility to the
scientists’ research. The world of informal learning is
extensive and varied, lifelong, and life-wide (Sacco
et al. 2014). Researchers of informal education
impacts are looking at the diversity of out-of-
school learning as its own ecology (Bevan 2016).
Therefore, we recommend that readers approach
the articles by thinking about the venue and the
allies being described, that is the intermediaries
who are well-positioned to assist in bringing science
into the public eye. In each venue, scientists will
invest effort. What that investment looks like will
vary from fund-raising to participating in profes-
sional development to sharing protocols. The possi-
ble outcomes on the public are equally varied (Besley
et al. 2015) (see Table 1). Julie Risien and Martin
Storksdieck’s article opens this issue, framing the
importance of delineating an individual impact iden-
tity that takes into account variations in scientists’
individuals’ strengths, their institutional context, the
nature of their research, and the desired outcomes of
their public engagement activities. The authors argue
that a more integrated approach toward research and
outreach will ultimately benefit society, but also im-
prove a scientist’s research success.

Each article makes one or more of these aspects of
collaboration explicit. Readers will thus find articles on:

Venue and settings: Federal agency staff rely on
scientists. Charged with protecting public lands
Tim Watkins, Abraham Miller-Rushing, and Sarah
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Nelson, as well as Shauna Marquardt, Mandy
Annis, Ryan Drum, Stephanie Longstaff Hummell,
Dave Mosby, and Tamara Smith write about the
possibilities for collaborations on public lands.
Examples demonstrate how partnerships accomplish
innovative research with a direct influence on con-
servation policy.

The National Park Service provides abundant op-
portunity for biologists and other scientists to engage
global audiences in learning, exploring, and even
conducting science. Watkins et al. describe unique
opportunities, present several examples that highlight
the range of activities and lessons drawn from them,
and invite scientists to conduct studies in parks and
bring their science into the public eye.

Allies for sharing science: Laying out the rewards of
teaming up with informal science learning organiza-
tions, Carol Lynn Alpert offers some advice about
when and how to approach them. When prospective
partners begin discussions early in the proposal devel-
opment process, they increase the likelihood of suc-
cessful outcomes in funding, implementation, and
impact. Alpert provides a strategic planning worksheet.

Tapping into design sensibility: Nick Hristov,
Carol Strohecker, Louise Allen, and Martha Merson
introduce a set of design principles that lead to
thoughtful visualizations offering not only simple
and elegant expressions of information but also
outlining ways of thinking about science through
visual narrative. Teacher-educator Jocelyn Glazier,
Katherine Gill, a landscape architect specializing in
learning environments, and Betsy Towns, public
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Table 1 Possibilities for outreach efforts
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Venue Ally Investment Possible outcomes

Parks Rangers Extended PD DATA + 2 2
Awareness ° o

Museums Exhibit designers Funding and prototyping & on Polley B

Play spaces Designers and learning experts Co-development » -= E
25 Dw

Community Volunteers Protocols and training = T Interest %.

. . ' ' . - ) SSTEM
Public land for imperiled species US Fish and Wildlife Methods and briefings o

artist and curriculum designer, weave together exam-
ples that illuminate the interdisciplinary design of
landscapes that nurture learners’ curiosity and think-
ing. The design process resolves conflicting priorities
in a natural-habitat zoo and lends a structure to an
experiential learning lab where students of all ages
experience embodied science learning.

Examples from their exhibit and production expe-
riences give a behind the scenes look at what it takes
to create stunning displays that spark interest and
inquiry as well as build their audience’s awareness
of larger issues like species loss. Author teams,
Denise King, Joyce Ma, Angela Armendariz, and
Kristina Yu; and Jennifer Harrower, Jennifer
Parker, and Martha Merson elucidate roles for
artists, exhibit designers, and scientists in producing
visual art for in-person and online consumers.

Investing time: Grounding interpreters and volun-
teers in questions, methods, data collection, and dis-
cussion of results has tangible benefits. Louise Allen,
along with co-authors Cynthia Char, Tracey Wright,
Nickolay Hristov, and Martha Merson, comment on
the principles informing their work and describe the
impact when scientists invest in structures to support
park rangers’ involvement in science and science
communication. Julia Parrish, Hillary Burgess, Jake
Weltzin, Lucy Fortson, Andrea Wiggins, and Brooke
Simmons suggest that generate robust science out-
comes can be produced with attention to the expect-
ations for participants’ contributions—simplifying
protocols at scale and investing more in training
and support for complex.

Taken together, these papers remind readers of the
possibilities, acknowledge the complexity of partner-
ships, and offer examples that are realistic for emerg-
ing and established scientists. Although outreach is
the focus, the links to research, teaching, and service
are evident. Partnerships nurture new lines of re-
search and bring new opportunities funding.
Partners may help recruit and train volunteers to
expand data collection efforts. Partners may model
pedagogical strategies that scientists can adopt to in-
crease engagement in their own classrooms. And as a

mental health bonus, they may find respite from ev-
eryday pressures and rediscover joy and wonder
alongside adults or youth exploring science ideas in
an informal setting.

Conclusion

In this volume, authors testify that new partnerships
require an investment of time and energy and deter-
mination. Unfortunately, we do not have the luxury
of putting them off for another day; basic research is
under attack now (Zimmer 2018). As scientists seek
new partners for outreach and education, all of the
authors recommend explicitly discussing expecta-
tions. Naming the expected outcomes, audience,
funding sources, and time commitments keeps every-
one’s expectations realistic.

While winning support for a particular line of
research might be foremost on a scientist’s mind,
Besley et al. (2015) have written that scientists
who do outreach with the public are more likely
to accomplish a broad set of goals. Likely outcomes
include:

o Changing perceptions of scientists’ motivations/
honesty/warmth.

o Increasing  excitement/interest/motivation  in

STEM.

o Changing sense of efficacy related to science
learning.

o Increasing knowledge/awareness.
e Reframing how a person thinks about an issue,
influencing policy.

These are exciting possibilities. Together we can
curate curiosity and entice others to engage. We
hope this volume inspires scientists and others to
initiate and sustain partnerships in order to place
science in the public eye.
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Synopsis We propose a thoughtful process for scientists to develop their “impact identity”, a concept that integrates
scholarship in a scientific discipline with societal needs, personal preferences, capacities and skills, and one’s institutional
context. Approaching broader impacts from a place of integrated identity can support cascading impacts that develop
over the course of a career. We argue identity is a productive driver that can improve outcomes for scientists and for
society. Widespread adoption of the concept of impact identity may also have implications for the recruitment and

retention of a more diverse range of scientist.

Introduction

Over the course of their career, most scientists culti-
vate an identity aligned to the research they conduct,
their contribution to their professional community,
and the relationships and partnerships they form
within their scientific community. Scientists develop
this self-concept and identity by distinguishing
themselves from others (mostly non-scientists)
through a process of “social differentiation” (Tajfel
1982; Tajfel and Turner 1986). The identity as a
scientist is often limited to expressing oneself to
professional peers and does not ordinarily connect
scientists to public audiences. Here we explore how
a narrow perspective on scientists’ professional iden-
tities has implications for the way the scientific com-
munity relates to society. We describe benefits when
individual researchers find alignment between their
research efforts and public engagement with science.
We posit that an expanded professional identity,
which we refer to as impact identity, can enable
researchers to find a productive way to leverage their
research for a broader common good and make stra-
tegic and efficient use of a growing system of support
mechanisms at the intersection of science and
society.

Advance Access publication April 25, 2018

Here we use the terms “scientists” to encompass
those who investigate natural and physical phenom-
ena. However, we maintain that these concepts are
relevant to engineers, computer scientists, social sci-
entists, and interdisciplinary and applied scientists.
We use “success” in two ways with implicit mean-
ings. With regard to broader impacts, success is still
quite subjective and the topic of ongoing study and
evaluation; for our purposes success refers to situa-
tions in which scientists and audiences engaged in
science perceive a benefit from broader impacts ac-
tivity. The concept of a successful scientist differs
between disciplines and institutions, and evolves
over time. In general, we consider a successful scien-
tist is one who is considered successful by their
peers.

Impact identity results from a thoughtful and in-
tentional integration of a scientist’s multidimensional
self-concept. It blends the researcher, someone who
aims at contributing knowledge within a scientific
discipline, with the engaged scholar, or someone
who ensures results of this research benefit society.
Impact identity incorporates a scientist’s discipline
and scholarship; personal preferences, capacities,
and skills; institutional context, and the various

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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communities or social settings in which s/he partic-
ipates. By integrating these various aspects of a sci-
entist’s skills, interests, and opportunities, we expect
that a well-developed impact identity can foster
approaches to broader impacts that result in better
outcomes for the scientist and for society. For scien-
tists, this manifests as more rewarding experiences
conducting public engagement in a way that repre-
sents them as a whole person. The experiences of
public audiences who take part in these public en-
gagement activities should also be improved.

Unveiling and applying impact identity is certainly
not enough to achieve high-quality broader impacts.
Scientists must also assemble, and make use of, a
supportive structure of partnerships and relation-
ships that enable broader impacts success.
Fortunately, a growing number of professionals at
universities and organizations that engage the public
can serve as brokers who help scientists develop rela-
tionships and skills and garner the resources neces-
sary to explore the best ways to achieve broader
impacts. Well-developed impact identities can serve
as a glue between scientists and those who support
them, allowing scientists to choose between the myr-
iad of options that exist for connecting public audi-
ences to their research (Storksdieck et al. 2016).

In the sections below, we ground the concept of
impact identity in relevant theory about the social
boundaries between science, as a subsystem of soci-
ety, and other sectors of society. We consider the
way the scientific enterprise is situated in society;
both demarcated from, and in fluid dynamic ex-
change with, other sectors of society. We then de-
scribe societal impacts of research in terms of
broader impacts, focusing on the current funding
and professional landscape of science, particularly
as it applies to the National Science Foundation
(NSF). We include two examples of scientists with
well-established impact identities. We end with prin-
ciples for understanding critical dimensions of scien-
tists’ identities and an approach to developing
impact identity that can help move forward or ad-
vance their broader impacts work.

Science and society: theory to inform
impact identity

While we live in a “golden age of science” with ex-
traordinary rapid scientific discovery, we are also
experiencing anti-science activism that is couched
in a narrative of scientists and science as the “other”,
apart from society and its interests (Hockfield 2018;
Holt 2018). Anti-science attitudes play off established
social phenomena demarcating the scientific
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community from non-science realms of society in a
way that bestows scientists with authority on scien-
tific process and knowledge about natural and phys-
ical phenomena (Gieryn 1983). Assigning authority
to a professional class is not limited to science, but is
something that is just as true for lawyers, physicians,
electricians, and most other professions. The
“boundary” between science and other sectors of so-
ciety is maintained, in part, by strong scientific iden-
tities and social interactions that maintain
distinctions between groups (Tajfel and Turner
1986). Such boundaries and identities between the
realms of science and non-science have been a topic
of interest and study for decades (Gieryn 1983, 1995,
1999; Abbott 1995, 1988; Ibarra 1999; Lamont and
Molnér 2002; Weingart and Lentsch 2008; Franzen
et al. 2012; Clarke et al. 2013).

The demarcation between science and non-science
protects the integrity of systematic scientific investi-
gations that build knowledge about the world
(Weingart and Lentsch 2008). On the other hand,
strong identities and social boundaries come with
distinct practices and worldviews that can isolate
the scientific community from other sectors of soci-
ety (Abbott 1988; Gieryn 1995; Seo and Creed 2002).
One prominent example where science integrity and
norms clash with other sectors of society is the con-
flict about whether to teach creationism, intelligent
design, or evolution in schools. This conflict over
which group can claim authority on how we should
educate children in the core principles of the life
sciences pits science against religion (Brooke 1991).

Maintenance of social boundaries between an ex-
pert community and society comes as a cost. For
instance, the typical forms of communication, in-
cluding the use of expert language in peer-reviewed
journal articles that themselves are mostly inaccessi-
ble to non-scientists limits non-scientists’ access to
the resources and knowledge of science (Lamont and
Molnér 2002). Again, this phenomenon is not lim-
ited to science, but it reduces opportunities for the
public to engage in meaningful science experiences
and for scientists to engage with the public.
Fortunately, boundaries between the realms of sci-
ence and non-science are unstable, always shifting,
and being redrawn (Gieryn 1983, 1995), as citizen
science powerfully demonstrates (Bonney et al
2014). Professional identities also shift when individ-
uals experiment with different professional selves
(Ibarra 1999; Clarke et al. 2013). Scientists are in-
creasingly required to engage in activities that show
the societal impact of their research. Scientists can
more easily engage with the public, and vice versa,
when they see themselves as part of a larger societal
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whole, rather than apart from it. Blurring bound-
aries, and thus integrating science as part of society,
therefore opens scientists to potentially rich and in-
novative exchange with non-scientists (Engestrom
2009; Wenger-Trayner and Wenger-Trayner 2015).

Broader impacts and the science
funding landscape

Over the last several decades there has been a steady
decline in the portion of the federal budget allocated
to research (Office of Management and Budget
[OMB] 2017), increasing the sense of fierce compe-
tition for funding among scientists (Mervis 2017).
Meanwhile, the NSF has expanded proposal require-
ments beyond intellectual merit, explicitly requiring
broader impact plans to address societal benefits of
the federal research enterprise (National Science
Foundation [NSF] 2014). The term broader impacts
encompasses a wide variety of potential activities,
partnerships, and processes that may enhance the
societal benefits of funded research. The NSF explic-
itly avoids prescribing activities that qualify as
broader impacts. Nonetheless, it provides examples
such as enhancing public safety, national security,
economic prosperity, science learning, broadening
participation in the scientific enterprise, and public
engagement with science. Although broader impacts
include a wide array of activities, outreach and pub-
lic engagement tend to dominate in fields such as
biology, ecology, astronomy, or physics where com-
mercialization is of less importance. Incidentally, the
NSF is not the only science agency to pose such
challenges to the scientific community. Medical re-
search funded by the National Institutes of Health
fits along an implied impact pathway from bench to
bedside, with an ultimate goal of improving human
health. Department of Education funding similarly
aims at improving teaching and learning. Agencies
such as NASA and NOAA tie funding to mission
success. The NSF broader impacts criterion achieved
a new significance over the last few years, though.
Expectations for the quality of broader impact com-
ponent of NSF proposals have increased consider-
ably, elevating broader impacts as a funding
criterion from a marginal consideration to one
highly relevant to funding success (National
Alliance for Broader Impacts [NABI] 2018).

Many scientists piece together a patchwork of
broader impacts activities across several programs
and grants, addressing them more as a required
box to check than an integral aspect of their profes-
sional work (Malcom 2018). However, a widely un-
tapped opportunity exists for researchers to instead

J. Risien and M. Storksdieck

expand their professional identities and build a leg-
acy of impacts over the arc of their science career,
similar to what successful researchers already do with
their research portfolio and research direction.
Building one’s impact identity and developing a
portfolio of complementary projects can feel out of
reach and under-supported. Lack of professional
preparation, mismatched institutional reward struc-
tures, and norms of practice within disciplines are
common barriers to systematically addressing
broader impacts as an integral part of research itself.
Many scientists overcome these constraints through
bootstrapping, managing to develop the necessary
partnerships that help them create successful broader
impacts activities (Risien and Nilson 2018). Below
are two examples of seasoned scientists who inte-
grated the many dimensions of their identities in
order to develop outreach and engagement activities
that fit their interests, capacities, societal needs, and
research. They both started with modest projects
built out of initial partnerships. As they have devel-
oped in their careers, those modest beginnings gave
rise to a series of increasingly impactful projects,
each growing out of the success of the previous.
Both scientists have made commendable contribu-
tions by blurring the boundaries between science
and other sectors of society. They leave in their
wake a legacy of broader impacts.

Building the trail of time with underrepresented
students

The Trail of Time Exhibition is a fully accessible
three-mile-long interpretive timeline trail along the
Grand Canyon’s south rim that interprets the nearly
2 billion years of Earth’s history preserved in Canyon
rocks. The trail represents the final product of a sys-
tematic effort around broader impacts by University
of New Mexico geologist Dr. Karl Karlstrom. He
began researching in the Grand Canyon in 1983. A
decade later, Karlstrom, his colleague Dr. Laura
Crossey, and others wanted to use their emerging
research findings to enhance public science literacy
around Grand Canyon geology. They recognized that
the canyon offered a unique opportunity for visitors
to immerse themselves in geology. They started with
simple questions about what park visitors may, or
may not, be learning about geology. To establish
the mechanisms to answer this question they culti-
vated partnerships from “the top” with park super-
intendents and from “the base” with park rangers.
They worked to collaboratively build their long-term
impact plan through a consensus process with part-
ners, along the way bringing underrepresented
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students into this work. The plan focused on where
the goals of scientists, park rangers, and administra-
tors overlapped. Following an NSF planning award,
the partnership eventually secured significant fund-
ing to develop and build the exhibition. By then the
team included academics, students, park interpreters,
museum evaluators, and exhibit design specialists.
The exhibition opened in 2010 and soon after re-
ceived an award from the National Association for
Interpretation. The team now continues to use trail
of time for research on learning and teaching in for-
mal and informal contexts. A logical extension of the
geologists’ identity as scholars to researchers on how
people learn geology. They also work to export the
concepts behind trail of time to other parks and
educational venues throughout the Colorado Plateau.

The enduring installation is not the only success
of their commitment to achieve broader societal
impacts with their research. Along the way,
Karlstrom and Crossey took on the role and respon-
sibility to mentor several underrepresented students
through their transition from undergraduate to grad-
uate studies. They helped students develop personal
and professional networks that enable students to
more fully participate and progress in their educa-
tion. This story highlights the years of persistence
and ample energy to cultivate partnerships. With
initially limited resources, the team was able to cre-
ate an effective and enduring geoscience experience.
Along the way, they provided many of students with
motivation to connect their own scientific inquiry to
effective public outreach. The story also highlights
the extension of the geologists’ identity as scholars
in geology to becoming scholars of geology learning
for all.

Cascading impacts of reconnecting people with trees

Dr Nalini Nadkarni’s personal mission is to engage
those with no access to forests in learning about
forest ecology. Early in her career Nadkarni was
struck by how most science outreach “preaches to
the choir” and only involves those already interested
and engaged in science learning activities. Nadkarni’s
strong sense that learning about forests and plants
should be available to all made her decide to reach
new audiences in unexpected places. One group, not
commonly considered as an audience for science, is
the more than 2 million inmates in the nation’s
prisons and jails. Early on Nadkarni visited inmates
and shared her enthusiasm for science and her love
of forests. These visits opened a world of possibility;
she enlisted the prison system as partner, and en-
gaged inmates as co-producers to cultivate mosses
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to repopulate Pacific Northwest forests affected by
destructive moss collection for the floral industry.
This work led to a sustainability lecture series at
the prison, which led to sustainability programing
in the prison, and prisoners raising endangered tree
frogs to support wild populations. Hers is a story of
cascading impacts that are possible when a scientist
integrates several dimensions of their identity in
their professional life. Nadkarni has spent a career
studying trees and contributing to understanding the
value of the canopy ecosystem. She also cultivated
necessary tools and partnerships to engage those
with little access to nature as part of her sense of
social justice and her deep belief in the beauty and
fascination that forests hold even for those who can-
not visit. Her journey centers on her goal of finding
common ground with audiences who have little ac-
cess to science, and who may not value science un-
less they experience authentic encounters in which
scientists care.

Karlstrom and Nadkarni’s stories serve as exam-
ples of successful scientists with strongly developed
impact identities. They have done their broader
impacts without sacrificing intellectual integrity or
disciplinary standing. They have instead leveraged
scientific success as an asset to enhance their impact.
Karlstrom and Nadkarni derive substantial personal
and professional satisfaction from their impacts
work. A stark contrast to many scientists for whom
fulfilling broader impacts is intimidating or may feel
like a chore. For Karlstrom and Nadkarni broader
impacts work emerged from an integrated identity;
it served them both professionally and personally.
They were both able to build partnerships to pave
their way to success. They also played the long game,
starting modestly and building from small-scale early
successes. In this way, they managed to avoid the
piecemeal effect of disjointed broader impacts proj-
ects that do not strategically connect with a scien-
tist’s research, or with their emerging professional
impact identity. Scientists like the two highlighted
here serve as the inspiration for developing the con-
cept of an impact identity. In the following section
we elaborate on the concept, its elements, and pro-
cesses scientists can use to develop their impact
identities.

Unveiling impact identity: from
exploration to action plan

In 2012, various universities were embarking on pro-
cesses to identify the specific tools and supports sci-
entists and engineers need to effectively design,
implement, and evaluate quality broader impacts.
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Eventually forming the National Alliance for Broader
Impacts (NABI), with funding from NSF, this com-
munity now has nearly 700 members who collec-
tively are refining practices that aid scientists in
their broader impacts work (J. Risien, submitted
for publication). Despite increasing resources, such
as training and broader impacts offices, many scien-
tists still tend to rely on limited networks and pro-
cesses to develop their broader impacts while feeling
underprepared to expand or improve their broader
impacts work (Risien and Falk 2013; NABI 2018).
Nonetheless, demand for broader impacts support
is on the rise and professionals who support broader
impacts receive frequent requests for “just in time
consulting” to help scientists develop broader
impacts plans for proposals. This practice can bolster
quality of broader impacts plans by connecting
researchers to partners and often well-established
and adequately evaluated programs to fulfill proposal
requirement. However, this approach also positions
the principal investigator as a passive actor who out-
sources broader impact work in order to concentrate
on the research aspect of their grant. All too often,
this represents a missed opportunity to cultivate
skills and align the nature of their research, personal
interests, strengths, and institutional capacities with
broader impacts. While ad hoc solutions to broader
impacts fulfillment can have positive outcomes, we
argue that a more systematic approach lies in deeper
engagement of the researchers themselves. Unveiling
and nurturing scientists’ impact identity is a critical
component of a broader impacts strategy.
“Unveiling your impact identity: fueling your pas-
sions and mapping your assets” was a workshop. It
was developed to help scientists: 1) explore the many
dimensions that together make up their “impact
identity”; 2) establish career-long impact goals; 3)
identify personal and professional assets that support
those goals; and 4) develop a plan to cultivate a
toolset to achieve those goals over the long-term.
In order to explore these four goals, participating
scientists listed scientific issues and research ques-
tions about which they feel passionate. Then they
recall the point in time when their decision to pur-
sue a career in science was clear, but still unadulter-
ated by concerns of publication rates and career
advancement. Next, participants consider the multi-
dimensionality of their own identities, including, but
not limited to their identity as researchers, commu-
nicators, citizens, as educators, inventors, family
members, hobbyists, etc. Identifying one’s various
self-concepts expands the scientists’ frame of refer-
ence about skills, interests, and capacities beyond
their focused area of research. The various
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dimensions of identity are examined in order to
find connections between research interests and
other parts of the scientist’s personal experiences.
This approach is based on studies which show that
scientists are best able to conduct public outreach
when they align their (scientific) agendas with
expectations of prospective audiences; are part of a
systematic effort to reach audiences, receive training,
and support; and can build off of initial investments
in outreach activities (Selvakumar and Storksdieck
2013; Storksdieck et al. 2017).

The deep-dive into impact identity includes five
critical elements, each described below, that partici-
pating scientists explore with their participating
peers.

(1) Personal identities and intrinsic motivators
make up the personal preference dimension.
Are you a parent, musician, minority woman
in science? Do you enjoy working with children,
youth, or adults? Do you see yourself as com-
municator, teacher, or inventor? Are you an ac-
tivist, environmentalist, engaged in civic action?

(2) Individuals have certain capacities and skill sets
that are somewhat innate or have been culti-
vated over time, and can guide the type of pub-
lic engagement that might most suitably fit with
a scientist’s personally traits and interests. Are
you a patient listener? Are you equipped to
work with underserved audiences? Do you en-
gage well with children? Are you an introvert or
an extrovert? Can you explain your research to
lay audiences?

(3) One’s approach to research and scholarship adds
a dimension that is deeply connected to the ev-
eryday professional practice of scientists.
Through broader impacts, scholarship often
expands beyond the boundaries of a discipline
or the core of a research portfolio. What is the
nature of your research? What instrumentation
do you use? How applied, practical, or theoret-
ical is your research? What are the links between
your research topic and potential applications?
How might your broader impacts work open
new dimensions of scholarship? To what degree
might connections outside your circle of disci-
plinary  colleagues  support your career
trajectory?

(4) Institutions also have identities and scientists do
their work within the context of the institutions
they inhabit. To what degree does your institu-
tion appreciate, support, and reward invest-
ments into broader impacts work? Does your
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institution have a public service or outreach
mission? How is your institution connected to
various local or regional communities? What
kind of infrastructure exists through your insti-
tution to support what type of broader impact
efforts (e.g., office of commercialization; institu-
tional connection to local schools or science
museums; public speaker or science café/pub se-
ries; opportunities to influence policies, legisla-
tion, or regulations; etc.)?

(5) Disciplines of science are a major contributor to
scientists’ professional identities. Affinity with
and connection among a disciplinary group is
often a prominent dimension of identity. What
critical questions drive your discipline? To what
degree are fundamentals of your discipline al-
ready part of a K-16 curriculum? What are
norms within your disciplinary society around
broader impact work? How do your successful
colleagues conduct their broader impacts?

We posit that ideal impact identity sits at inter-
section of these dimensions (Fig. 1). As part of cre-
ating a personal impact plan for their research,
participants in the workshop explore, discuss, and
record the various areas of overlap between these
five key dimensions of identity to hone in on their
individual impact identity. An important sixth di-
mension accounts for known or perceived societal
needs. Researchers are encouraged to think broadly
about the societal benefits of their particular re-
search, acknowledging that not all research portfolios
easily translate into direct benefits beyond contribu-
tions to the scientific knowledge base.

Broadly speaking, researchers explore three basic
questions through the workshop. Examining the
overlap between discipline and societal needs leads
to the question: why or what about my research may
be of interest to anyone outside a group of my sci-
entific peers? In the long run, an engaged scientist
may ask: what should or could I focus my research
on such that it does benefit society? Exploring the
intersection of personal preferences and capacities,
researchers can ask the question: what would I love
to do that I am also well-equipped to do?

These, or related questions, allow researchers to
explore options for impact work that align many
dimensions of their identity and acknowledge the
contexts within which the scientist operates. This
systematic approach builds on the nature of the par-
ticular research and discipline. It takes into account
the interests and perspectives of target audiences,
whether those are peers, policy makers, regulators,
product developers, a science-attentive public, citizen
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Fig. 1 Multiple dimensions of identity and contexts to explore
and integrate in the process of unveiling one’s impact identity.

scientists, schoolchildren, teachers, or interpreters
and educators at science museums or other informal
science learning settings (Storksdieck et al. 2016).
Scientists ultimately can use a series of inquiries
and reflections about the intersections of the dimen-
sions of identity to build an action plan. Scientists
use an action plan to articulate how they will culti-
vate the skills, programs, people, and relationships
needed to reach impact-related goals and define con-
crete steps that foster the development and growth of
a career-long trajectory that integrates the needs of
science with the needs of society. Designed to help
scientists focus their broader impacts work, this ap-
proach integrates the intellectual merit and broader
impacts of their life’s work. It offers an opportunity
to establish career-long goals concerning scientific
and societal impacts, identify personal and profes-
sional assets that support those goals, and learn to
cultivate a toolset to achieve those goals over the
long-term.

Discussion

Universities, science centers, professional associa-
tions, and community organizations are actively de-
veloping systems to support scientists in their efforts
to strengthen the societal benefits of their research
(Risien 2017; NABI 2018; Risien and Nilson 2018; J.
Risien and B. E. Goldstein, submitted for publica-
tion). Ad hoc activities to fulfill broader impacts
requirements are being replaced by systematic
approaches supported by an emerging university in-
frastructure and a class of support professionals who
specialize in helping scientists fulfill broader impacts
requirements. They engage researchers in profes-
sional learning that goes beyond outsourcing broader
impacts and instead aims at changing capacity and
attitudes to help researchers gain a new identity for
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providing broader societal benefits that emerge from
their scientific endeavors (J. Risien, submitted for
publication).

Science is an evolving profession and perceptions
in the scientific community about professional prac-
tice are changing over time. Early career scientists,
including graduate students and postdocs, are re-
portedly enthusiastic and place more value on
broader impacts activities (Risien and Falk 2013;
Storksdieck et al. 2017; Risien and Nilson 2018).
This emerging openness to reaching beyond peers
as the sole audiences of one’s research activities is
developing in parallel with other shifts in norms of
the scientific community. For instance, over the last
two decades, the advent of team science has shifted
interdisciplinary and transdisciplinary science from a
novelty to accepted practice (National Research
Council [NRC] 2015). Similarly, scientists who en-
gage the public, once looked upon with suspicion by
their peers, are increasingly applauded for strength-
ening the link between the research enterprise and
society (Lohwater and Storksdieck 2017). Scientists
who are successful in their discipline and achieve
notable societal impacts have three things in com-
mon. First, they blend disciplinary strength and pas-
sion with a deep conviction and commitment to
broader societal impacts. Second, they draw on a
rich set of partnerships that enable them to engage
in practices likely to have meaningful impacts.
Finally, their professional identity expands well be-
yond their discipline or the confines of their research
topic. They are able to knit together disciplinary ties,
personal relationships, intellectual contributions, and
passion for science along with their other interests
and strengths to achieve meaningful impacts.

The concepts described above in the process of
unveiling one’s impact identity have been applied
in a handful of workshops of varying length.
Evaluations of workshops indicate that researchers
experience immediate value, including reduced fear
and confusion about broader impacts requirements,
expanded understanding of possible broader impacts
activities, and excitement for developing a broader
impacts trajectory that resonates with them both
personally and professionally. There is much to learn
about the potential of this systematic identity-based
approach. Additional tests of the concepts, iterations
of workshop design, formative assessment, and a
longitudinal study of participating scientists can con-
tribute to better understanding about the benefits of
the approach and help to guide investments of re-
searcher time and institutional resources. We hy-
pothesize that using impact identities as a central
organizing principle in developing career-long
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broader impacts yields benefits to scientists, the pub-
lic audiences they engage, and enables one to strate-
gically build on modest beginnings of broader
impacts efforts.

Enthusiasm for engaging with broader impacts,
increased desire for integrating work and life, and
a drive to gain competitive advantage in the funding
landscape may predispose early career scientists for
maximum benefit from impact identity work.
However, reports from the NABI community con-
firm that seasoned scientists are increasingly working
to integrate broader impacts into their professional
portfolios as well, and may also benefit from dedi-
cated time to unveil their own impact identities, if
only to become more deliberate mentors to their
younger colleagues.

The NABI community has embraced the concept
of impact identity in the trainings they provide to
researchers and the professionals that support them.
Social science research on NABI as a community has
revealed critical practices, which include helping sci-
entists in engaging non-peers in their research, help-
ing scientists imagine ways in which their research
supports broader societal goals, and brokering rela-
tionships and partnerships required to conduct
broader impacts activities aligned with societal needs
(J. Risien, submitted for publication). Trained to
think within a scientific discipline, and subject to
processes of reward and recognition that prioritize
research outputs, scientists develop strong disciplin-
ary identities that can isolate them from other sec-
tors of society. Such isolation may stymy
development of the skills and partnerships needed
to generate a meaningful broader impacts portfolio.
This can lead to the common stereotype that the
only thing that matters in science is full dedication
to research itself, at the expense of all other consid-
erations. The scientific community is fighting this
stereotype since it is seen as a barrier to attracting
or retaining talent uninterested in a unidimensional
identity, as researcher for research sake, and instead
prefers to express a multi-faceted identity and incor-
porate strong societal connections in their profes-
sional lives (Eccles and Wigfield 2002; C. Stylinski
et al. submitted for publication). At the same time,
this stereotype is still part of the lived experience of
far too many graduate students, postdocs, and other
emerging scientists (Risien and Nilson 2018).

Retaining scientists from underrepresented groups
in an effort to broaden participation and productiv-
ity of science will require many systemic shifts.
Approaching this work from a place that recognizes
the importance of allowing individuals to develop an
identity as scholar and citizen will tap into ongoing
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efforts to improve conditions for underrepresented
scientists. Programs like NSF ADVANCE prioritize
work-life integration, and universities are beginning
to hire faculty with position descriptions that explic-
itly support public engagement. Departments across
many universities are already updating their promo-
tion and tenure guidelines to more meaningfully in-
clude and assess public engagement (Risien and
Nilson 2018). Consequently, we posit that wide-
spread adoption of the concept of impact identity
may have implications for the recruitment and
retention of a more diverse range of scientist, and
ultimately serve as a practical tool to address long-
standing concerns about a better integration of sci-
ence into society (Weingart and Lentsch 2008;
Hockfield 2018; Holt 2018).

Conclusion

Just as the boundaries between science and society
change, identities are malleable and can shift. They
evolve alongside changing norms of conduct and
transforming expectations around what counts as
success in science. We propose that unveiling impact
identities, articulating impact specific goals, and de-
veloping long-term plans are critical to broader
impacts success and for a satisfying career as a sci-
entist. This entails integrating the many dimensions
of a scientist’s identity and the many contexts within
which scientists conduct their work: their personal
preferences, skills, and abilities; disciplinary affordan-
ces and scholarship; institutional homes; and the
communities they are part of all shape how research-
ers position their science within and outside of aca-
deme. The use of impact identity as a framing
concept for professional development holds promise
to improve the reach and effectiveness of institu-
tional infrastructures and professional support sys-
tems that work to better connect science and society.
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Synopsis The USA has set aside over 400 national parks and other protected areas to be managed by the National Park
Service (NPS). Collectively, these sites attract over 300 million visits per year which makes the NPS one of the largest
informal education institutions in the country. Because the NPS supports and facilitates scientific studies in parks, the
national park system provides abundant opportunity for biologists and other scientists to engage global audiences in
learning, exploring, and even conducting science. Those opportunities are best pursued through collaborations among
scientists and the professional communication staff (interpreters, educators, media specialists, etc.) of parks and their
partner organizations. This article describes unique opportunities and rationale for such collaborations, presents several
examples that highlight the range of activities and lessons drawn from them, and invites scientists to conduct studies in

parks and bring their science into the public eye.

Communicating science to public audiences and en-
gaging those audiences in science is a grand chal-
lenge for modern society. Scientists support efforts
to do so because of the rapid pace of scientific
advancements and the need for people to integrate
science with personal values when making important
life and policy decisions. Communicating science
well can be difficult and requires particular skills
(National Academies of Sciences, Engineering, and
Medicine 2017) so collaborations between scientists
and professional communicators are valuable. Given
that opportunities to learn science are abundant in
out-of-school settings over the course of our lives
(National Research Council 2009; Falk and
Dierking 2010; Fenichel and Schweingruber 2010)
informal learning environments (i.e., media and set-
tings like museums, parks, zoos, and after-school
programs) are important venues for scientists to col-
laborate with professional communicators.

We contend that national parks in the USA are
ideal places for such collaboration. They are similar
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to field stations, long-term ecological research sites,
and experimental forests and ranges in that they host
thousands of research projects. But national parks
receive many more visitors and their mission
includes communicating to and engaging with those
visitors. Park staff include professional interpreters,
educators, and other communicators who serve that
mission. Scientists therefore can conduct research in
national parks and collaborate with staff to commu-
nicate their science or engage the public through a
variety of means. Park audiences—including re-
source managers, school groups, local residents,
and the visiting public—actively seek scientific infor-
mation and welcome opportunities to learn and ex-
perience science in parks (Beard and Thompson
2012; Thompson et al. 2013).

Science communication and engagement in sci-
ence in informal settings is a mature field with its
own funding streams (e.g., National Science
Foundation’s Division of Research on Learning in
Formal and Informal Settings), syntheses (e.g.,
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National Research Council 2009; Fenichel and
Schweingruber 2010), strategic frameworks and
guidelines (e.g., Shirk et al. 2012; Bell et al. 2017),
and institutional centers. We still have much to
learn, as described in the research agenda laid out
by the National Academies of Sciences, Engineering,
and Medicine (2017). Moreover, while there is some
recent literature on effective interpretation and
communication in US national parks and other fed-
erally protected lands (Stern et al. 2010; Beard and
Thompson 2012; Stern and Powell 2013; Thompson
et al 2013), it is not focused on science communi-
cation and engagement per se. Scientists who com-
municate or engage the public in their field research
in national parks therefore have the opportunity to
make additional contributions to our understanding
of effective practice in these places.

Here we describe how scientists can collaboratively
conduct, communicate, and engage the public in re-
search in US national parks. We begin with an over-
view of national parks’ unique value as venues for such
activity. We follow that with examples from parks that
span a range of methods (from explaining science to
an audience to engaging an audience with science; Bell
et al. 2017), audiences (general public, teachers, etc.),
and scientist roles, and then draw together some les-
sons that apply generally. We end with comments on
the promising future of science communication in na-
tional parks and on the emotional values that scientific
discovery and national parks have in common.

Throughout, we explore four key messages for
scientists interested in bringing their research into
the public eye. First, national parks are exceptionally
valuable places for research and science outreach.
Second, the National Park Service (NPS) has pro-
grams and mechanisms to support the work of sci-
entists, including channels for scientists to initiate
and grow research and outreach programs. Third,
park staff have expertise, ability, and willingness to
support the full range of outreach activities. And
fourth, scientists can collaborate with park staff as
we collectively seek to ensure that research informs
management and increases public awareness, under-
standing, and appreciation for national parks and for
science. As we previously alluded, not enough is
known about science learning in national parks, in-
cluding the roles of scientists themselves. The NPS
wants and needs to understand more.

Parks for research, communication, and
engagement

The NPS actively conducts and welcomes research by
its own staff, other government scientists, and
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academic researchers (Sauvajot 2016). Its policy is
to use best available science to inform management,
encourage research studies, cooperate with educa-
tional and scientific institutions, and provide facili-
ties and assistance to researchers (National Park
Service 2006). It applies this policy to the 417 units
(national parks, monuments, seashores, lakeshores,
battlefields, historic sites, etc.) across all US states
and territories. Given this policy regarding science
and the legal mandate of the NPS to preserve places
“unimpaired for the enjoyment of future gener-
ations,” national parks are permanently protected
long-term research sites with documented natural,
cultural, and management history. That documenta-
tion includes research reports, data, field notes,
maps, specimens, and other records maintained in

museums and archives and searchable online
(irma.nps.gov, museum.nps.gov, and
npgallery.nps.gov).

To study in national parks, researchers must sub-
mit proposals and apply for permits (irma.nps.gov/
RPRS), a process that begins relationships with park
resource managers, research coordinators, and inter-
preters. In 2017 the NPS issued 2990 research per-
mits. Topics ranged widely across social sciences
(e.g., visitor use patterns), cultural sciences (zooarch-
aeology of ancestral Puebloan settlements), earth sci-
ences (snow persistence and alpine stream
hydrology), ecology (faunal responses to rapid cli-
mate change), evolutionary biology (zooplankton
speciation), and so on. Several permits were also is-
sued for educational purposes like undergraduate
field courses, macroinvertebrate inventories and wa-
ter quality testing by high school students, and col-
lection of fish specimens for educational displays at a
public aquarium.

In addition to being places for research, national
parks have unique value for communication and
public engagement with science. They are among
the most inspiring and unique places in the world,
and have been set aside for all people to enjoy. They
are sources of pleasure and thus are exemplary places
of “learning for fun” (Packer 2006). When visitors to
a park encounter science that helps inform that
park’s—their park’s—preservation, they have the
chance to understand the science and discover its
relevance to their lives—a phenomenon known best
from research in science museums, centers, zoos,
aquariums, and other places where people expect
to encounter science (Schwan et al. 2014).
Scientists who conduct research in national parks
therefore can place their science directly into a per-
sonal and civic context and engage a highly inter-
ested and receptive audience who are experiencing
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positive emotions (National Research Council 2009;
Rogoft et al. 2016).

The thousands of NPS interpreters and other
communication professionals draw on special attrib-
utes of parks to help visitors build emotional and
intellectual connections to these places (Stern et al.
2010; Larsen 2011). They are experts at telling stories
in person and through media that enrich the visitor’s
experience. The services they provide likely contrib-
ute to the consistently high ranking of the NPS
among federal agencies in polls of the American
public (Pew Research Center 2015). The combina-
tion of emotionally appealing public places, well-
liked communicators, and breadth of geography
and natural—cultural systems available for in situ re-
search is not found among zoos, aquariums, muse-
ums, after-school programs, or other informal
education settings. With over 300 million visits an-
nually, plus over 90 million web visitors and several
million social media followers, the NPS in collabo-
ration with scientists has tremendous potential to
foster science learning worldwide.

Programs to support research and
public engagement in parks

Most national parks work with scientists on research
and communication activities. The relationships that
are established through the permit process enable
every permitted scientist to express or respond to
interest in communicating science to various audien-
ces. Scientists can use the application form to pro-
pose standalone education and outreach activities
(e.g., teaching a class) or communication compo-
nents of a research project. A park may even make
outreach and communication a condition of the
permit.

The NPS has established two programs that facil-
itate research and science communication beyond
the relationships established through the permitting
system. Research Learning Centers (RLCs—nps.gov/
rlc) are located in several parks across the country.
Their staff assist with all aspects of science from
proposal development through the conduct of re-
search and communication of results. Most RLCs
provide housing, work space, computer network ac-
cess, access to publications and collections, logistic
support, and some equipment. Cooperative
Ecosystem Studies Units (CESUs—cesu.org) facilitate
research, education, and technical assistance partner-
ships among federal agencies and US universities and
other non-government organizations. They enable
scientists to learn about research opportunities in
parks and move federal funds to scientists for
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projects that meet park needs. The NPS employs
research coordinators who work at the CESU host
universities and regularly match parks with institu-
tions or individual scientists to collaborate on
projects.

A typology and examples of science
communication and engagement in
parks

Storksdieck et al. (2016) created a typology of
approaches to public engagement with science that
can help scientists and other practitioners align their
actions with their goals, skills, and interests. The ty-
pology uses a set of variables to distinguish among
approaches: size, structure, form and depth of en-
gagement, the dominance and authority of the sci-
entist versus others in the audience, interactions
between scientists and participants, etc. National
parks host science communication and engagement
activities that span much of the range described in
the typology. Below, we provide examples that illus-
trate the range from “low hanging fruit” of explain-
ing science to an audience to the “high-hanging
fruit” of engaging an audience via contributory cit-
izen science. All our examples illustrate behaviors
and attitudes that Storksdieck et al. (2016) identify
as critically important: a genuine curiosity about the
public; the willingness to listen and learn from au-
dience members; an ability to perceive and respond
to the audience’s need for information and detail;
and a willingness to make personal connections
with audience members. Those behaviors and atti-
tudes are exhibited to one degree or another by sci-
entists; they are also elicited, fostered, and mediated
by NPS communications professionals whose knowl-
edge and skills complement those of the scientists.

Example 1: Contributing to science
communication by others

Scientists can advise, review, or otherwise contribute
to products made by NPS communications staff.
Such collaboration can take little time investment,
may be done in or out of a park (e.g., from one’s
office), and may not require specialized communica-
tion skills beyond the writing, reviewing, and speak-
ing that scientists already perform daily. One
example is a US Forest Service bat ecologist doing
research in Congaree National Park who fact-
checked and reviewed summary documents the
park’s RLC staff had created for public audiences
about  her  research  (nps.gov/rlc/ogbfrec/bat-
research.htm). She also presents occasionally to
park staff and the public during a casual seminar
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series in the visitor’s center. A second example
involves biologists from the University of California
who conduct research in Yosemite and Sequoia-
Kings Canyon National Parks and Point Reyes
National Seashore. They explained their studies on
camera for short videos about ocean acidification
and species range shifts. The videos were produced
by one of us (T.W.) and an undergraduate student
for online distribution to the general public
(nps.gov/climatechange) and NPS interpreters who
were being professionally trained in climate change
communication. The scientists were brought to our
attention by the CESU research coordinator and
RLC staff who liaise regularly with UC faculty.

Both of these examples emphasize traditional
communication of science to audiences rather than
two-way engagement of audiences with science (Bell
et al. 2017), though some engagement and mutual
learning occurred during the live seminars and dur-
ing the video production process. In the typology of
Storksdieck et al. (2016), these examples involve
small group sizes, in-person and online forms of en-
gagement, an overt science focus, the dominance of
the scientist’s voice, and heterogeneous adult audi-
ences. Beyond measured outputs (e.g., numbers of
attendees at seminars, web article pageviews, or video
plays), the NPS and collaborating scientists know
little about the impact of their communication on
audiences’ knowledge or attitudes about science or
parks.

Example 2: Scheduled public outreach
event in a park

A “higher-hanging fruit” opportunity involves en-
gaging public audiences directly through an outreach
event planned, organized, and directed by park inter-
preters and other communicators. Some parks offer
science festivals and related outreach events during
which scientists can engage visitors. For example, at
Indiana Dunes National Lakeshore, RLC staff orga-
nize “Indiana Dunes, Science, and YOU!” on a
Friday for school groups, and again on Saturday
for the general public. On both days, scientists pre-
sent their research in an auditorium with discussion
moderated by RLC staff. The sessions with school
groups also include discussions about what it is
like to be a scientist. After the presentations the
scientists take participants, with staff and teachers,
into the park where they elaborate on their research,
demonstrate field methods, and guide participants in
using equipment and collecting data. Topics have
included the processes of dune movement, bacterial
contamination of Lake Michigan beaches, and the
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preservation of a federally threatened plant species.
Because these topics are related to conservation of
the park and to the visitors” enjoyment of it, they are
germane to the interests of local residents who fre-
quent the park.

To conduct this event, NPS communicators and
scientists spend a few hours preparing and collabo-
rating in advance. The RLC staff recruit scientists
who they know are good communicators and whose
research is inherently interesting to the public. They
provide specific guidance and skill-development for
communicating with adult and teen audiences, sup-
port for field activities, and feedback on draft pre-
sentations and plans. The scientists create their
presentations and field activities, organize field
equipment and supplies, and share their enthusiasm
for research.

Compared with Example 1, face-to-face outreach
described here is an example of engaging the public
with science rather than simply communicating sci-
ence to the public. In the Storksdieck et al. (2016)
typology, this event involves larger audiences, is done
in-person with a balance of scientist and public voi-
ces, involves more support from the communica-
tions expert, and engages the audience through
demonstrations, data  collection, and field
expeditions.

Consistent with the professional craft of NPS inter-
preters and science communicators, this face-to-face
activity is at heart a dialog in which “publics and
scientists both benefit from listening to and learning
from one another” (Bell et al. 2017). While rigorous
evaluation and research on outcomes has not been
conducted, feedback from participating scientists and
teachers reveals that this type of event allows the
public to talk and share views about how they relate
to science, and the scientists to develop and refine
their communication skills.

Example 3: Planning for communication
in a research project

The previous examples illustrate science communica-
tion and public engagement that emerges after a re-
search  project is underway or complete.
Communication can also be intentionally included,
and funded, in a research project from the outset.
Doing so entails sustained collaboration between sci-
entists and communications experts, delineation of
roles, and recognition of each other’s expertise.
“Changing Tides” is a three-year study of how
brown bears forage and use resources in the inter-
tidal zones at Katmai and Lake Clark National Parks
in Alaska (nps.gov/katm/learn/changing-tides.htm).
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It involves biologists from NPS, US Geological
Survey, Washington State University, and other insti-
tutions and science communication experts from the
RLC that serves the two parks. The communications
work was supported by undergraduate communica-
tions interns hired by the RLC who collectively pro-
vided direction and guidance to senior scientists and
graduate student researchers. Because the parks are
remote the team developed digital products: the
project website with links to a “scientist in the field”
blog and an interactive story map, emailed newslet-
ters, YouTube videos, Facebook posts, and a live on-
line chat with project biologists. These resources
were also incorporated into a high school teacher
training workshop conducted by RLC staff with in-
volvement of the lead scientist.

The RLC staff led all communications activities
during the project and had co-PI status. The biolo-
gists collaborated by responding to draft communi-
cation plans, advising on key science messages, and
accommodating communication logistics. They sat
for video interviews, wrote blog entries, fact-
checked newsletters, explained their science and of-
fered stories from the field in the teacher workshop,
and provided datasets that teachers and students use
in class.

With the exception of the teacher’s workshop,
communication was mostly unidirectional. In the ty-
pology of Storksdieck et al. (2016), the audience was
very large and heterogeneous, the engagement was
online, the focus was overtly scientific, the voice
and authority was centered on the scientist rather
than the public, and the research was basic but
with strong implied societal dimensions (e.g., con-
servation of an iconic and economically valuable spe-
cies). The live online chat, Facebook posts, and blog
comments allowed some synchronous and asynchro-
nous two-way conversation with public audiences.
Impacts of the web-distributed products (as opposed
to outputs like number of pageviews) were not
assessed. Teachers at the workshop placed very
high value on the products and indicated they would
use them in their teaching. They also specifically val-
ued the presentation by one of the scientists, the
opportunity to get to know him, and to hear his
stories about his professional life as a field researcher
(J. Pfeiffenberger, personal communication).

Example 4: Training and practice in
science communication
In 2016, NPS partnered with the Association for the

Advancement of Science (AAAS) and Schoodic
Institute (a close science partner of Acadia
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National Park) in launching the Second Century
Stewardship initiative (SCSParkScience.org) to en-
courage science that informs conservation decisions
and engages the public. It provides early-career sci-
entists (Ph.D. students, post-docs, and junior fac-
ulty) with three benefits: (1) competitive funding
for innovative research in national parks; (2) training
and opportunities to enhance learning and engage-
ment of students, educators, and the broader public;
and (3) opportunities to inspire and inform steward-
ship of our natural and cultural heritage. The initia-
tive began at Acadia National Park and will expand
to more parks in the near future.

A key feature of the program is a workshop (with
about 25 attendees in 2017) that provides research
fellows, NPS staff, and professionals from partner
organizations with training in a variety of commu-
nication methods—presenting to the public; writing
magazine articles and blogs; recording podcasts;
posting social media with the hashtag #ParkScience;
creating videos; and briefing officials. Outside
experts (e.g., professional video producers, social
media experts, and public affairs officers) provide
specific training, and the fellows bring their own
expertise, curiosity, and enthusiasm.

The intent is not that all attendees become profi-
cient in all of the skills, but rather that they get
exposed to them and then focus on the techniques
and media most appropriate for their interests, abil-
ities, and goals. Most of the attendees in 2017, for
example, did not have Twitter or Instagram accounts
before the workshop, nor had they written blog posts
or recorded videos about their work. All of the fel-
lows said that the workshop turned them on to com-
munication  strategies they would not have
considered before (e.g., videos and social media),
and they are all communicating much more now
than they would have without the workshop.

These workshops do not directly engage the pub-
lic, but rather give selected participants the skills to
communicate and engage the public in science using
methods across the typology of Storksdieck et al.
(2016)—big or small programs, in-person or remote
engagement, and in-depth or minimal engagement
(e.g., citizen science or a tweet). One important as-
pect of public engagement with science is the prac-
tice and  refinement of  scientists’  own
communication skills (Bell et al. 2017), which is an
explicit goal of the SCS initiative.

Example 5: Citizen science in parks

The Dragonfly Mercury Project (DMP: nature.
nps.gov/air/Studies/air_toxics/dragonfly/) is a citizen
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science initiative focused on accumulation of air-
borne mercury in aquatic biota. Scientists from the
University of Maine, US Geological Survey, and the
NPS collaborate with park staff who lead citizen sci-
entists (mostly middle and high school groups, as
well as community volunteers; Fig. 1) in collecting
dragonfly larvae and submitting them for mercury
analysis. The DMP began in 2012 as the feasibility
of citizen science became more apparent and as new
technology enabled inexpensive analysis of tissue
mercury (e.g., Nelson et al. 2015; Eagles-Smith
et al. 2016). The project launched in 11 national
parks and has grown to involve more than 90 parks
and 3000 citizen scientists nationwide.

The DMP started in response to State and Federal
funding for science teacher professional development
in Maine. It is now funded by the NPS, with indi-
vidual parks paying for materials and supplies
needed to participate. Based on relationships culti-
vated during a decade of research in Acadia National
Park, one of us (S.J.N.) collaborated with Schoodic
Institute and teachers across northern New England
to develop and test protocols for sampling aquatic
invertebrates, resulting in a co-created pilot effort
(Shirk et al. 2012). Subsequent collaboration with
NPS Air Resources Division experts enabled us to
expand to additional parks and engage more scien-
tists to extend the scope and capabilities of the re-
search team. As the project expanded to ~25
national parks, it became more of a collaborative
model (Shirk et al. 2012), in which staff at those
parks helped refine communication and outreach
materials.

The DMP adapts Zoellick et al.’s (2012) frame-
work for formal science education to the informal
setting of national parks: scientists and NPS staff
share roles in the project’s design and implementa-
tion, but their goals and desired outcomes diverge.
NPS goals often focus on connecting people to parks
whereas scientists’ goals focus on collecting and
interpreting data. Citizen science collection events
allow both scientists and park staff to share the im-
plementation of this program, and yield outcomes
that are meaningful for scientists, citizens, and the
parks. Parks commonly report success at getting kids
outside, which meets those parks’ biodiversity dis-
covery goal (Flanagan Pritz and Nelson 2017). And
the scientists benefit because without local citizens
who collect samples, they would not be able to get
data from 90+ parks around the country.

In the typology of Storksdieck et al. (2016), the
DMP generally exemplifies more intensive interac-
tions: small groups are engaged in-person by a pro-
fessional practitioner and/or scientist for several
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hours to a day (or days) in collecting, identifying,
and preparing samples. The activity is overtly about
science, with groups ranging across ages and genders
(Flanagan Pritz and Nelson 2017), and with interac-
tions that generally allow for all voices to be heard
and questions to be asked by participants. In many
ways, the DMP is an example of public participation
in research (i.e., co-production of knowledge). It
deviates from the example in Storksdieck (2016) in
that communication with the public is mediated by
NPS staff in most cases. However, many NPS staff
who participate in the project and lead citizen
groups in the field are themselves scientists, or
have training and degrees in science.

Lessons learned

From the examples above we extract some lessons
about science communication in parks and factors
that promote successful collaborations between biol-
ogists and NPS staff and partners. Readers may iden-
tify and draw additional meanings.

Researchers in parks may encounter visitors who ask
them about their work: Even if public outreach is not
part of a study plan, scientists should talk in advance
with park staff about responding to public interest.
The bat ecologist working in Congaree, for example,
often speaks with visitors who are curious about her
radio telemetry equipment. She embraces the
unplanned outreach opportunities and collaborates
with RLC and park staff to make the most of
them. Often researchers in parks cite these interac-
tions as unexpected bonuses—positive interactions
with park visitors reinforce the value of their work
and expertise. Such interactions can carry a cost,
however, as they can disrupt field work if they are
too frequent. The key is to communicate clearly with
the public and get park staff assistance on managing
visitors’ engagement. The SCS initiative provides fel-
lows with training on how to manage such
unplanned interactions without compromising their
ability to do their research.

Success in outreach may depend on the relationships
that scientists and park staff establish: Not all scien-
tists are skilled at communicating with the public.
Research on interpretation in national parks (Stern
and Powell 2013) shows that positive outcomes for
visitors are correlated with program qualities (e.g.,
good organization, relevance to audience, links to
intangible ideas and emotions) and presenter quali-
ties (e.g., confidence, authentic emotion, humor)
that require training and practice. NPS communica-
tors have and routinely employ those qualities.
When good relationships allow those qualities to
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Fig. 1 A wide range of local participants was engaged in the dragonfly citizen science project through national and local partners. TRT,
teacher ranger teacher; SCA, student conservation association; YCC, youth conservation corps; GIP, geoscientists in parks; TNC, the

nature conservancy. Courtesy of Maine Policy Review. Reprinted with permission.

be combined with the deep content knowledge, en-
thusiasm, and other characteristics of scientists, com-
munication and engagement is successful. The
complex and well-received products of the
Changing Tides project were possible because
the RLC communications staff and research scientists
related as co-equal professionals and collaborated in
all phases of the project. A similar set of co-equal
and complementary roles existed among scientists
and park interpretive staff in the DMP project.
Building the collaborative relationships takes time
(including time away from research) but the payoffs
are proportional if not greater.

Planning for communication and engagement is
important, and it is probably safe to err on the side
of too much planning: Both the RLC staff and scien-
tists in the events at Indiana Dunes realized after-
ward that more practice with public speaking and
“dry run” demonstrations in the field would have
improved the program, but each was hesitant to
take up the other’s time before the event. But in a
good relationship, all parties can push for detailed

information and preparedness without worrying
about impinging on each other.

It is important to match goals, audiences, and
methods: Researchers in parks commonly file reports
with NPS, contribute to brief summaries of their
work, or give general talks to park staff, academic
audiences, or the public. Where the goal is to inform
the awareness or behavior of particular audiences—
e.g., to make local residents aware of the damage
that non-native plants cause and see the value of
planting native species, or to inspire science-
interested visitors to participate in citizen science
activities in the park and at home—other more tar-
geted communication methods are more effective.
Communicating with local residents about exotic
and native plants might involve giving talks at gar-
den clubs. Recruiting for citizen science might in-
volve attention-getting posters, instructional and
inspirational videos, and social media posts with
updates on research. Different audiences are inter-
ested in different aspects of science and turn to dif-
ferent media for information. Scientists and/or
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communication professionals (ideally both, working
together) need to define their audiences, desired out-
comes, and select engagement practices accordingly.
The collaboration is important, as NPS staff and ac-
ademic scientists may have different connections,
knowledge, and skills to reach different audiences
in different ways.

Audiences may want to do science more than listen
to people explain science: Teachers who brought their
classes to Indiana Dunes specifically pointed this
out on evaluation forms when recommending a
smaller ratio of lecturing to field work. And the
scientists realized afterward that they needed more
advice from RLC staff on actively engaging the pub-
lic in the field and refining their communication
skills. All professional participants in that case—
communications experts, scientists, and teachers—
have a role to play in fostering active, hands-on
learning in parks.

Doing science rather than hearing about it takes
more time but the interests and rewards are great.
The DMP leaders soon discovered that sampling
events often continued past the published ending
time. Students were reluctant to stop searching for
invertebrates; parents and teachers asked scientists
follow-up questions about what happens with sam-
ples sent to USGS laboratories, about mercury, and
about food webs. As one teacher helped a student
use calipers to measure larvae, other students ob-
served dragonfly feeding behaviors and pressed the
teacher for information on food webs. This teacher
called it “One of the best teaching days of my life.”
Observing, developing questions out of natural curi-
osity, and testing concepts about how the world
works are the foundation of the scientific enter-
prise—and these students genuinely experienced it
through a project that sent them into the water to
look closely at a new ecosystem, and with a teacher
who was ready to provide answers and seed new
questions.

Audiences like insight into scientists as real people:
Biologists who tell stories about their research reveal
not only the methods, results, and significance of
their work; they also reveal themselves as interested,
animated, passionate human beings who do exciting
things. Teachers at the Changing Tides workshop
said their students would love to Skype the bear
biologists and follow their projects on social me-
dia—that is, to establish relationships with them,
see what their lives are like, and understand who
they are and what motivates them. Students at the
Indiana Dunes events were asked in advance to
describe character traits of scientists; Curious,
Intelligent, Inquisitive, and Observant were among
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the most-used terms. Scientists at the event talked
in person about how they embody those
characteristics.

Communication may take a lot of work: The
Second Century Stewardship initiative requires all
fellows to budget for at least 80 h of communication
work (in addition to a 3-day communication work-
shop) during their 1- or 2-year fellowships. Many
applicants are initially surprised by that requirement,
but once in the program, realize that it is an
underestimate—recording, editing, and producing
videos, or polishing a good talk or popular article,
or keeping up with social media all takes time. It is
important that researchers recognize this and budget
accordingly at the beginning of projects, especially
those with goals like improving management or
education.

The impacts of science communication and public
engagement with science in parks need rigorous study:
As we previously noted, research on informal sci-
ence learning in national parks is generally missing
from an otherwise vast literature. Typically, we
measure outputs—like how many interpreters have
viewed videos about climate change science in the
course of their training—or gain some feedback on
what participants get out of an outreach event.
There is little rigorous evaluation of outcomes like
changing participants’ understanding of science,
attitudes about science, desire to learn more science,
etc. As a federal agency, the NPS has reduced leeway
to survey the public and assess such outcomes.
Academic researchers (including social scientists
who could collaborate with natural scientists in
studying the efficacy of science communication
and public engagement) have more leeway to study
outcomes. This is a rich and untapped area of cross-
disciplinary research.

Conclusion and prospects

Over the past 100 years, interpreters, educators, and
other communicators in the NPS have become
experts at informing visitors about the unique
resources (e.g., the world’s tallest trees) found in
national parks. They have consistently mastered
and applied the art of explaining the significance of
resources, helping visitors find personal meaning in
them, and inspiring people to care about these pro-
tected places (Larsen 2011). Communicating the sci-
ence through which we understand these unique
places and resources, however, is a relatively new
role. It is one that the NPS is increasingly embracing
and refining. Interpreters and other communicators
now communicate both the results and the processes
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of science—i.e., not just what we know about the
tallest trees, but also how we know it. Relevant mes-
sages include: How is science done? How do scien-
tists connect evidence to conclusions? How do
scientists change their view of the world as a result
of doing research? What do scientists not know, and
what do they debate? What value do visitors place on
science in their lives?

Interpreters engage visitors in these and other
ideas through audience-centered techniques that are
similar to what some faculty use in classrooms. They
tell stories about scientists to convey the content,
excitement, and meaning of science. They collaborate
on citizen science and other forms of participatory
learning. They prompt visitors through dialog to
wonder, explore, and pose their own questions about
data, graphs, and models. Like many faculty, inter-
preters are transitioning from “the sage on the stage
to the guide on the side.” Given this change in in-
terpretation, scientists have endless opportunities to
share their experience and collaborate with the NPS
in developing, testing, and refining science commu-
nication and engagement in parks. The “Science as a
Way of Knowing” initiative of the SICB (Moore
1984) highlights integrative and comparative biolo-
gists’ innovative thinking about science education.
Although it is 35years old, it offers timeless ideas
and common language that enable biologists and
interpreters to tap the science education potential
of national parks for the next 100 years.

We close with a question that is implicit to our
essay: why is science worth understanding and
experiencing? Apart from the economic and demo-
cratic reasons we alluded to at the start, there is at
least one humanistic reason and it has much in com-
mon with national parks. Charles Darwin expressed
it when he concluded The Origin of Species with an
ode to science:

There is grandeur in this view of life, with its
several powers, having been originally breathed
into a few forms or into one; and that, whilst
this planet has gone cycling on according to the
fixed law of gravity, from so simple a beginning
endless forms most beautiful and most wonderful
have been, and are being, evolved.

We think all integrative and comparative biolo-
gists would agree that this view of life does contain
grandeur, and likely even more. Dawkins (2003) ex-
tended Darwin’s idea: “There is more than just gran-
deur in this view of life There is deep
refreshment to be had from standing up full-face
into the keen wind of understanding (p. 13).”
Furthermore, “The real world, properly understood
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in the scientific way, is deeply beautiful and unfail-
ingly interesting. It’s worth putting in some honest
effort to understand it properly, undistracted by false
wonder and prostituted pseudoscience (p. 43).”
These words—grandeur, beautiful, wonderful—point
to aesthetic and emotional values of scientific expe-
rience outside the practical value of scientific knowl-
edge. Those emotional values invite and reward the
intellectual pursuit of science and we suspect they
have accompanied and sustained every scientist’s ed-
ucational and professional life in science. They are
worth sharing.

National parks offer everyone the chance to expe-
rience the unique grandeur, beauty, and wonder of
natural features like Yosemite Valley and to connect
with shared human experience in cultural landscapes
like Gettysburg or Ellis Island. Surely they offer as
well the chance to experience the grandeur, beauty,
wonder, and human experience of science. The fu-
ture is bright as more and more scientists come to
parks and collaborate with NPS staff to make their
science part of the visitors’ experience.
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Synopsis Most researchers are keenly interested in disseminating their work beyond traditional publication routes. With
an eye to increasing broader impacts, scientists can benefit from partnerships with informal educators who interact daily
with the public and see their role as translating science to increase the public’s intellectual and emotional connections
with the natural world. Typically, researchers give a one-time lunch hour talk, generally a modified version of a pre-
sentation aimed at scientific peers. Talks during which scientists show slides and interpreters mainly listen are a missed
opportunity. They leave the scientist no wiser about the public’s interests and the nagging questions interpreters have.
Such talks leave the conscientious park educator with insufficient resources for overcoming challenges in interpreting the
science for the public. The Interpreters and Scientists Working on Our Parks (iISWOOP) project proposes a model of
professional development (PD) that involves a deliberate partnership where scientists and educators work together.
During site-based PD sessions, they tease out the relevance to public audiences and begin to develop programs about
the science. This article describes iISWOOP’s approach to supporting productive collaborations that promote an under-
standing of scientific research to public audiences. Results from a pair of surveys indicate that both sides of this
partnership benefit from extended contact and clear communication.

Introduction

National parks are our nation’s “laboratories” for
scientific research. This nearly invisible function is
driving us to learn how to help National Park
Service (NPS) interpreters move science from static
facts to a lively exchange based on scientists’ current,
park-based research.

The Interpreters and Scientists Working on Our
Parks (iSWOOP) model brings together dedicated
scientists, passionate NPS rangers, and talented
STEM education researchers who are committed to
expanding STEM learning opportunities at our
nation’s parks (Fig. 1). The project has the potential
to transform the way the NPS Division of
Interpretation and Education leverages site-based sci-
ence, the way its education rangers (hereafter called
interpreters) communicate site-based science to the
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public, and expands opportunities for scientists to
make their efforts visible to the public. Interpreters
may be experts at interpretation, but not on the
particular science they are communicating. In the
mid-2000s, Hristov and Allen noticed the missed op-
portunities to highlight cutting-edge science about the
Brazilian free-tailed bats. Without exposure to scien-
tists, interpreters relied on ranger lore and Internet
searches, which sometimes resulted in dated informa-
tion or facts true of other species, but not the free-
tails that the public gathered to watch. This has been
ongoing, ever-present conundrum with a variety of
proposed solutions (Macdonald 2013; Melena 2015).

Interpreters have a pressing need for first-hand
knowledge of site-based research initiatives (Char
2015). However, the typical format for briefing park
staff about research is a one-time lunchtime research
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Fig. 1 The iSWOOP model includes bidirectional exchange of
benefits and input from three partners; Scientists, informal STEM
learning researchers, and national park rangers. Ultimately it is
the public, specifically visitors to these national parks that benefit
from these purposeful interactions.

talk to a group of rangers, with little opportunity for
two-way conversations or hands-on experience.
iISWOOP affords new structures to foster interactions
among scientists and interpreters. The public regards
interpreters as trusted sources for information, even
on sensitive topics like climate change (Pew Research
Center 2015). When confident, knowledgeable, and
equipped with a repertoire of strategies, interpreters
have the potential to engage tens, and ultimately hun-
dreds of thousands of park visitors in learning about
park-based science, multiplying the broader impact of
the collaborating scientists well beyond what they
might achieve themselves (Merson et al. 2017).

Scientists are ideal partners in developing inter-
preter skill sets and knowledge around the science
they are tasked with communicating. Scientists are
in a position to make a difference, but how do they
make a difference, particularly in a complex bureau-
cratic system that features high levels of staff turn-
over? Here, we describe the iSWOOP model of
professional development (PD). We ask: What
aspects of iSWOOP’s PD model are valued by inter-
preters and scientists? We regard effective PD as the
precursor to changes in practice that allow meaning-
ful opportunities for the public to become aware of
park-based research. We posit that effective PD
requires effort and time to allow interpreters to ex-
plore the body of research and then to create mean-
ingful opportunities for the public while in dialog
with the scientist.

The iISWOOP model

iSWOOP adopted activities and approaches used ex-
tensively in inquiry-oriented PD workshops for
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informal educators in zoos and science centers (see
Building Math Momentum in Science Centers, NSF
Award No. 0229782, https://nsf.gov/awardsearch/
showAward? AWD_ID=0229782). We piloted
iISWOOP PD at Carlsbad Caverns and refined the
model, adapting as needed to meet circumstances
at new park units across the country. The structure
of the model includes multiple touch points, model-
ing, and opportunities to do science. Practitioners’
questions shape the agenda. An emphasis on visuali-
zation dovetails with interpreters’ mission: to reveal
the resource and make meaningful connections with
significant cultural and natural resources (Tilden 1957;
Ham 2013). In this case, scientists and interpreters
tease out the story of the researcher, previous lines
of work, and explore the relevance of the research
within and beyond park boundaries (Firestein 2012).

Interpreters and researchers convene for multi-
hour sessions over 3-5 days. The sessions begin
with listing questions about the natural resource
(Table 1). Interpreters list questions that nag at
them, and also those that visitors ask repeatedly or
are otherwise memorable. The questions shape sub-
sequent sessions. Scientists demo their high- and
low-tech instruments to explain how we know
what we know. A block of time is also dedicated
to hands-on experience. Interpreters assist with
data collection, gaining firsthand experience with
the tools, frustrations, and workflow. The sessions
include an overview of the visualizations scientists
use to make sense of their data, e.g., graphs, 3-D
models, contrasting slides of the phenomenon under
different conditions, and animations. Interpreters
craft a program. They imagine a setting for their
interactions with the public, a hook, and open-
ended questions to encourage observation, predic-
tion, and speculation. The PD culminates with a
run-through of new programs during which all par-
ticipants offer feedback, clarify scientific points, and
suggest ways to heighten engagement, suspense, and
curiosity.

Given the intensity of the commitment, we set out
to determine the extent to which this investment
pays dividends for both scientists and interpreters.
Both iSWOQP evaluators’ studies and the literature
on PD speak to the benefits of a multi-session model
that prioritizes exchange, first-hand experiential
learning, modeling of interpretive techniques, as
well as new content.

Research underpinning the iSWOOP approach

From the outset, iSWOOP relied on interpreters as
well-positioned intermediaries for STEM learning.
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Table 1. Subset of questions posed by interpreters from three national parks on the first day of iISWOOP professional development
training sessions

Area of expertise of collaborating scientist(s)

Bat behavior and ecology

Ecology of Joshua trees

Landscape change and glaciation

How many bats are in the cave?
How fast do bats fly?

Do they stay in a group and/or run into
each other?

Where/how far do they go in search of
food?

How do females know their pup from
others?

How does the size of a bat alter the
thermal reading?

How old are the Joshua trees?

| heard the Joshua trees are dying. What
are you doing about it?

Why do they only grow here?

Is the only way for the Joshua tree to
reproduce through pollination by the
Yucca moth?

Why are there no Joshua trees in this
part of the park?

How is climate change affecting Joshua

How are the islands changing?
How many forest fires have there been?

What species are here in the park now
versus in the past?

Why is flowering in this area delayed 2
weeks compared with others?

How long does it take the coastline to
erode?

Why are some coastlines higher than
others?

trees?

The literature on interpretive aims speaks to their
strengths as credible conduits for scientists’ work
(Tilden 1957; Ham 2013). To inform the iSWOOP
model, we also surveyed available literature about ef-
fective PD designed to build educators’ content
knowledge and increase their use of inquiry-based
approaches to STEM topics. Three themes stood out
related to bolstering educators’ ability to facilitate
STEM learning: (1) the importance of authentic prac-
tice of science, (2) the need includes but is not limited
to new content, and (3) effective PD takes time. By
“practice” we mean shadowing scientists as they work
or independently engaging in designing experiments,
refining questions, and conducting fieldwork or anal-
ysis. We specify “authentic” to indicate that the ac-
tivities contribute to research and are not solely for
the sake of demonstration. In most PD, acquiring new
understandings and participating in authentic practice
overlap. For example: Falk and Drayton (2006) found
that teachers’ increased self-perceptions of their own
scientific understanding resulted, at least in part, from
their authentic practice of science during a year of
research with ecologists (1997). Nevertheless, we dis-
cuss these themes separately.

(1) Authentic science practice

To provide meaningful science experiences for stu-
dents, educators need quality science experiences
themselves from which to draw. Researchers empha-
size the importance of educators engaging in science
investigations and experiencing the same approaches
that they will adopt with learners (Rosebery and
Warren 1998; Bevan and Xanthoudaki 2008). PD
sets precedents for participants to draw less upon
the traditional techniques associated with K-12 rote
learning and more on inquiry-based techniques

appropriate to fostering learning in an informal set-
ting. In their comparison of three workshop models
with a museum component, Melber and Cox-
Petersen (2005) found teachers participating in the
model which combined museum and field-based ac-
tivities gave it the highest mean rankings. Teachers
who participated in workshops with a field compo-
nent reported specific elements that helped them un-
derstand the process of science.

(2) Limitations of new content

The need for PD includes but is not limited to new
content (Tran and King 2007). Several studies have
found that content coverage may lead to improved
confidence without corresponding increase in com-
petence (Sukow 1990; Smith et al. 1998). In a study
of 376 programs in 24 units of the US NPS, inter-
preter confidence was associated with visitor satisfac-
tion and lack of confidence with visitor attrition.
However, the walking encyclopedia approach was
also associated with visitor attrition (Stern and
Powell 2013).

Because their audience members may not want to
think hard about complex numerical information
(Bruine de Bruin et al. 2017), equipping interpreters
with only facts, statistics, or numerically expressed
relationships may cause visitors to turn-off. Some
audiences will focus on qualitative communication
more than on quantitative communication
(Canfield et al. 2017). This makes the interpreters’
job of revealing the significance of a resource to the
public particularly challenging (Tilden 1957; Ham
2013). The antidote? Scientists’ ways of looking at
resources can provide revelations about structure,
function, and dynamic interactions that can be
communicated qualitatively. Effective PD assists
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interpreters in integrating new knowledge and deliv-
ering it with appropriate techniques including sto-
ries, props, quotes, and images. Ideally, techniques
increase engagement, visitors’ appreciation of the rel-
evance of research, and make the material memora-
ble. While content knowledge is a component of
successful interpretation, it must be tempered with
an assessment of audience members’ interest and
likely saturation point.

(3) Time commitment

Effective PD takes time and a sustained effort (Yoon
et al. 2007; Loucks-Horsley et al. 2010). Studies of PD
find that one-time interventions are less likely to shift
practice than when educators have multiple opportuni-
ties to encounter new content, to meet with peers, and
to engage in discussion and practice in adopting new
content and approaches (Garet et al. 2001; Melber and
Cox-Petersen 2005). An example: nature center staff
who participated in PD programs where they were pro-
vided with resources to work on the topic over time
were more likely than staff at non-participating centers
to be comfortable with and provide climate change
education programming (Swim et al. 2017).

When scientists and interpreters have the oppor-
tunity to meet and work collaboratively the out-
comes are impressive. For example, the NASA-NPS
Earth to Sky Partnership’s science and communica-
tion courses feature NASA scientists as presenters
who are coached by experienced interpreters, and
who participate in class discussions. Evaluators
tracking three cohorts of participants over the course
of 2 years determined that over 4 million National
Park and Wildlife Refuge visitors were reached by
participants with content derived from the courses,
and that they provided training on course content to
over 2,000 additional educators (https://www.earthtosky.
org/professional-development/effective-training.html).
Halversen and Tran’s COSIA project (2010) gives an
entire semester to fostering collaborations among
ocean scientists and informal educators to foster stu-
dents’ science communication skills.

With these considerations in mind, iSWOOP proj-
ect leaders designed a PD model for National Park
Interpretive rangers that is based on: (1) participa-
tion in authentic science practices, (2) direct contact
with time for exchange of stories, questions, and in-
formation, and (3) science content conveyed with
relevance and that models interactive techniques.

Overview of two studies

Using a mixed methods approach which collects and
analyzes both qualitative and quantitative data
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(Creswell and Plano Clark 2007), the project evalu-
ator and principal investigators have been studying
the project’s PD at three national park units located
in the southwest, northeast, and midwest. In each
park site, between 8 and 15 interpreters attended
PD sessions along with interested others (such as
administrators, communications staff, and resource
managers). The groups gathered for roughly 15 con-
tact hours spanning several days. Scientists’ atten-
dance ranged from 3-15 h. Data were gathered
following PD through a survey for interpreters
(Study 1) and a survey for scientists (Study 2).

Quantitative data yielded from rating scales were
analyzed using frequency distributions and descrip-
tive statistics. Prose responses to open-ended ques-
tions were coded by a member of the evaluation
team, using a grounded theory approach (Patton
2002; Charmaz 2006) using thematic categories in
alignment with the main features and goals of the
project.

Study 1: Interpreters’ feedback on iSWOOP PD
Methods and sample

On the last day of training, participants from three
National Park sites (n=37) completed an anony-
mous 15-item survey designed to gauge their impres-
sions of the relevance of skills and content covered.
Interpreters rated the value of PD components and
made recommendations for future sessions.

Results

Opverall, interpreters greatly appreciated the training’s
featuring of scientists and park-based research. They
embraced the idea of engaging visitors in conversa-
tions about park-based scientific research. As one
interpreter commented on the applicability of
iSWOOP’s PD:

The concept of this project is great. I think we
often aspire to interpret current research, but of-
ten fall back on more general information and/or
synthesize research for visitors. The focus on ac-
tually engaging visitors with the data has great
potential both for making current science more
accessible to the visitor and in contributing to
helping the public to become more scientifically
literate.

Participants’ feedback underscored the value of
the PD in terms of (1) increasing their grasp of
park-based scientific research, (2) strengthening rela-
tionships with featured scientists, and (3) acquiring
the skills to make conversations about research in-
teractive. The training prepared interpreters to speak
confidently about park-based research.
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I thought this was valuable professional develop-
ment, especially in the life of interpreters. There’s
always a disconnect between scientists/academic
way of speaking and (my) tendency to “over-sim-
plify” research. iSWOOP is a means by which we
can truly meet visitors on their level.

Over half (20 interpreters, 54%) of interpreters
cited their classroom-based and field-work with the
scientists as the most valuable aspect of the PD.
Interpreters reported that the training content
strengthened both their knowledge and skills.
Twenty-nine (29) out of 37 interpreters (78%)
agreed that training had given them new knowledge
to apply in their work. Nearly, two-thirds (23 inter-
preters; 62%) agreed that the training had given
them new ways to look at their interactions with
visitors. Over half (20 interpreters, 54%) agreed
that iSWOOP PD had increased their skill facilitating
discussions of visualizations, research, and relevance
of scientific research to visitors’ lives. Similarly, they
felt equipped to tell stories about how scientists
know what they know.

Interpreters expressed a desire for continued com-
munication with the featured researchers. Among the
recommendations were requests for more—contact
with more researchers, over longer periods of time,
and with more opportunity for informal exchanges.
Almost half (17 interpreters, 46%) identified main-
taining a connection with scientists and updates on
the research as the primary request for ongoing
support.

Study 2: Scientists’ perspectives
Methods and sample

Evaluators sent a survey to the research scientists
who had shared their research during PD sessions.
All but one of the eight surveyed also contributed
material to the visual library and met multiple times
with project leaders. The 8-item survey addressed the
reasons scientists might choose to become involved,
the potential professional benefits and outcomes of
the project, and suggestions of how the project
model could be improved. Surveys were adminis-
tered after PD sessions had occurred.

Eight of the nine research scientists involved in
the iSWOOP during the first 2 years of the project
completed a survey. The scientists represented five
different universities and a variety of scientific
departments (e.g., biology, geology, paleoecology,
and earth/climate sciences) and included two assis-
tant professors, two associate professors, three retired
(emeritus) professors, and one post doc researcher.
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Results

Scientists were enthusiastic about the potential ben-
efits. Their comments ranged from personal gain to
following through on a commitment to a larger so-
cietal benefit

To me, it seemed like a win-win—I get to get my
message out there, and the park gets to tell stories
about the “what” and “how” of science. It’s also
important for people to know that parks aren’t
just beautiful or fun; they’re also important natu-
ral resources, and a lot of research is happening in
them ...

Seven of the eight scientists indicated that they
had gained something professionally valuable from
the project. Benefits described by the scientists were
varied, and included: an increased professional net-
work of colleagues, improved communication skills,
a deeper understanding of working with parks and
park interpreters, and greater appreciation of visitor
perspectives and the importance of out-of-school
learning.

At least half (four to five out of eight) of the
scientists identified four different areas in which
they reported the project had impacted them either
“moderately” or “extremely.” These areas were: (1)
broadening their impact by reaching new or larger
audiences for their work; (2) adding to their reper-
toire of teaching strategies; (3) increasing the ways
they will work with NPS or interpreters in the future,
and (4) changing how they see visitors’ or inter-
preters’ perspectives on their work.

The main project feedback offered by the scientists
suggested greater attention to three areas: identify
ways to minimize the time commitment, improve
project communication between the various project
partners, and explore different ways in which they
could get greater credit or recognition for their in-
volvement and contributions to the program.

Discussion

The results show that iSWOOP PD delivered wel-
come benefits to its participants. For interpreters,
benefits were tied to accomplishing their job. For
scientists, the benefits were varied. Expanding their
repertoire of strategies for explaining their research
or gaining additional visuals to illustrate their work
were mentioned along with the opportunity to con-
tribute to a community beyond their students and
institutions.

Overall, interpreters greatly appreciated contact
with scientists, and the idea of actively engaging vis-
itors in data from active scientific research.



82

Interpreters expressed a desire for more continued
communication with the featured researchers.
Attesting to this point—among the recommenda-
tions were requests for more, e.g., more researchers,
more contact over longer periods of time, and more
informal exchanges were desirable. This however sets
up a fundamental conflict between key participants
(e.g., interpreters wanting more time and scientists
wanting to commit less time). In order to address
these tensions, we have advocated for increased
“soft” collaborative time, including spending time
together at meals during the span of PD and for
continued communication in a way that is respectful
of the scientists’ time (e.g., many scientists have twit-
ter handles that the interpreters can keep up with
and communicate with while also moving the con-
versation to the public realm).

iISWOOP has not solved all of the challenges as-
sociated with science communication happening in
parks. Interpreters and scientists recognize the chal-
lenges: visitors with a wide range of ages, science
interest and understanding, and motivation for their
visits. Intergenerational groups on vacation with a
specific recreational goal can be a challenge to talk
to at length about current research. In asking for
more researchers and more contact with researchers,
interpreters conveyed their need to meet visitor
interests, to leverage place-based interest, and the
depth of knowledge needed to manage these dynam-
ics in formal and informal interactions. In the face of
these challenges, iSWOOP PD appears to increase
interpreter content knowledge, and provides visual-
izations and stories which can be used to hook audi-
ences, maintain their interest, and forge connections.

Models for PD of this sort also need to consider
managing both logistics and varied expectations. For
example, expectations and benefits need to be clear
and realistic. It is helpful to agree upfront on
whether everyone who participates in PD will also
be expected to interpret the science. Will interpreters
have access to scientists or other supports as they
refine their programs and introduce the featured sci-
entists’ content? How will scientists’ contributions be
credited in ways that are meaningful to them?

The iSWOOP project takes as a given that indi-
viduals may enjoy the PD and will have constructive
criticism, but find reasons not to adopt the
approaches. Interpreters have offered numerous sug-
gestions for improving the PD. Meeting their needs
is a high priority, yet the needs are varied for new
and seasoned interpreters and those whose style is
more factual versus conversational or narrative-
driven. Even with park-specific, job-, and park-
relevant PD, some participants will find reasons
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not to adopt the content or strategies covered in
iISWOOP PD. Hord et al. (2006) delineate seven
kinds of concerns (Stages of Concern or SoC) that
users, or potential users, of an innovation may have
in their concerns based adoption model (Table 2). It
is ultimately up to interpreters’ supervisors to shep-
herd the adoption process. However, the project has
tried to anticipate concerns and proactively plan PD
activities to address them, such as practice sessions
with feedback from PD leaders and featured
scientists.

There are several limitations of these studies. The
process for structuring PD is still being refined and
implementation at different parks is not identical.
Respondents did not have an equal stake in the proj-
ect or its outcome. For example, one of the scientists
had been involved peripherally and two of the sci-
entists had joined the project as consultants on vis-
uals rather than in the role of featured scientist.
Some PD attendees were expected to develop formal
programs based on iSWOOP training while others
had the option to use iSWOOP approaches or not.

However, given that effective PD prioritizes (1)
doing science together, (2) increasing interpreters’
science content and first-hand experience with sci-
ence process, (3) time for exchanges that meaning-
fully benefit interpreters and scientists, iISWOOP
evaluators and researchers continue to collect data
so that those aiming to implement iSWOOP
approaches can address interpreters’ and scientists’
needs.

Conclusion

A common format for exchanges between inter-
preters and scientists involves a researcher giving a
one-time talk, generally an adaptation of a presenta-
tion for peers or students. The scientist may speak
with the implicit hope that certain findings will be
disseminated to the public. These talks can highlight
scientists’ findings, however, this format tends to fall
short of providing the material interpreters need to
forge emotional and intellectual connections with
visitors (Tilden 1957; Ham 2013). To increase the
public’s awareness of park-based research, inter-
preters need background on studies, stories about
the researchers, props or visuals to explain methods
and challenges, and a plethora of ideas, metaphors,
or analogies for establishing relevance. Without
meaningful time for exchanges with interpreters, sci-
entists miss out on opportunities to hear inter-
preters’ questions and observations formed as a
result of daily observations of the resources. New
models are needed which prioritize an exchange.
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Table 2. Seven stages of concern from Hord et al. (2006) with
potential stage specific expressions from the iSWOOP project

Expression of stage of concern from
iSWOORP interpreters

I'd like to try with ... laminated photos,
... with an iPad, ... a different topic, etc.

Stages of concern

6. Refocusing

5. Collaboration What do scientists expect?

4. Consequence Will visitors be interested?

3. Management Can | manage the technology? Is there time

to prepare! When and where to begin?

2. Personal What do | have to give up (that | like or am
good at)) How might using iSWOOP
approaches affect me and my feelings of

competence?

Do | understand the visuals? Do | have suffi-
cient material to tell a story about the
researchers?

1. Informational

0. Awareness | am not involved because | focus on history

or questions about basic needs only.

Interpreters are well-acquainted with the questions
to which the public craves answers. The iSWOOP
project is testing its model of PD that starts with
interpreters’ and visitors’ questions, structures direct
contact for interpreters and scientists during field-
work and seminar-style interactions, and affords
time together for meaning making.

Science communication is of vital importance be-
cause it seeks to inform decision making, but science
is nuanced and complicated (Fischhoff 2013).
Uncertainty is implicit in science, and grappling
with this takes time and skill. The iSWOOP model
allows scientists a powerful way to connect with the
public via an extensive network of trustworthy infor-
mal educators in the National Parks System (Merson
et al. Forthcoming 2018, this volume), eager to tell
the story. We have provided interested readers with a
Sample PD Outline and a Planning Worksheet to
help them better connect with informal science edu-
cators (see Supplementary Material).
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Synopsis Scientists can reap personal rewards through collaborations with science and natural history museums, zoos,
botanical gardens, aquaria, parks, and nature preserves, and, while doing so, help to advance science literacy and broaden
participation in the natural sciences. Beyond volunteer opportunities, which allow scientists to contribute their knowl-
edge and passion within the context of existing programs and activities, there are also opportunities for scientists to
bring their knowledge and resources to the design and implementation of new learning experiences for visitors to these
informal science learning organizations (ISLOs). Well-designed education outreach plans that leverage the expertise and
broad audiences of ISLOs can also enhance the prospects of research grant proposals made to agencies such as National
Science Foundation, which encourage researchers to pay careful attention to the broader impacts of their research as well
as its intellectual merit. Few scientists, however, have had the opportunity to become familiar with the pedagogy and
design of informal or “free-choice” science learning, and fewer still know how to go about the process of collaborating
with ISLOs in developing and implementing effective programs, exhibits, and other learning experiences. This article,
written by an experienced science museum professional, provides guidance for individual scientists and research groups
interested in pursuing effective education outreach collaborations with science museums and other ISLOs. When pro-
spective partners begin discussions early in the proposal development process, they increase the likelihood of successful
outcomes in funding, implementation, and impact. A strategic planning worksheet is provided, along with a carefully-
selected set of further resources to guide the design and planning of informal science learning experiences.

Introduction you may need to shake off some of the seriousness

“Have I made my case? Will our paper be accepted?
Who will read it? What is the impact factor?
Etc ....” Hold on; let us step back for a moment
from the pressures of career science. Some of you
may remember the days when just getting to partici-
pate in the realm of scientific discovery and explora-
tion was a joy and a privilege; something you felt
almost guilty about being paid to do, because you
loved it, were inspired, and wanted to make a differ-
ence. Now you spend your days negotiating permits,
following protocols, attending meetings, writing grants,
advising students, and always more paperwork . ...
There is a cure for this. It is to share your science;
go back to your roots and discover ways to engage
others in the wonder and fascination that first lured
you into living, thinking, and doing science. First,

Advance Access publication May 24, 2018

of your scholarly demeanor, shed layers of technical
jargon that have entwined you, lay aside your polit-
ical agenda, and tunnel back to the state of wonder
and joy that first got you started on this journey.
(Already you are noticing the relative informality of
this article, tucked within the volume’s more scholarly
contributions.) Now, unencumbered, what insights
can you share with the not-yet-initiated: children,
families, adventurers, sight-seers, students? How best
can you share them? And, again, why bother? Because
doing so may help you revive that lively sense of
mission, curiosity, and fun that was once at the
core of your own impetus for gaining insight into
the scientific field that you now call your own.

I work in a science museum, and I see this happen all
the time. We partner with university research centers

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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coaching and support to make

this event a success.”

- Steven Richardson

Fig. 1 Howard University Professor Steven L. Richardson shares his passion for research with Museum of Science visitors.

and labs, and we give graduate students and post-
doctoral fellows opportunities to come learn how to
share their science with the families, school kids, cou-
ples, and tourists who browse the spaces of our giant
halls of discovery and play. We coach our scientist part-
nersin using and designing hands-on minds-on activities
related to their research, and in making short films and
animations. We challenge college professors—
accustomed to lecture halls and technical conference
presentations—to come into our public presentation
spaces and tell stories enlivened with big beautiful pic-
tures and live hands-on demonstrations, and we work-
shop them through the steps of transformation from
lecturer to inspirer (Fig. 1). The results can be profoundly
energizing and uplifting. Here are some lightly-edited
excerpts from comments we have recently captured on
film from our graduate student volunteers (MOS 2017):

In the lab you can get sort of very “in your head” about
what you’re working on, you’re so familiar with it.
And then you go and talk to people, and they’re like,
“wow, that’s so cool!” And so, especially in graduate
school, when things can be very, you know—a lot of
things don’t work, and you can get very sort of pessi-
mistic and cynical—it’s a lot of fun to come and talk to
a much broader audience about them.

When you’re interacting with these children, and
you just see something click, and then their face
lights up, and they start explaining to you what is

going on - that’s really like the coolest moment ...
for that moment, they’re as into it as you are (Fig. 2).

I think an undervalued part of our jobs as scien-
tists is being able to advocate for what we do, and
this activity of being able to reach out and connect
with the general public and get them excited about
science is a really important part of being able to
justify the work we do.

A similar but more activist sentiment was captured
in the program description of a roundtable held at the
2018 meeting of the Society for Integrative &
Comparative Biology this last January: “Many stu-
dents go into science not just because of the beauty
of science itself, but because they want to change the
world, through science communication, education, or
policy” (SICB 2018). In this spirit, national organiza-
tions such as the American Association for the
Advancement of Science have become more vocal in
recent years, urging scientists to develop public en-
gagement and science communication skills, especially
in a political climate generally perceived as increas-
ingly hostile to evidence-based policy-making. This
article does not focus on achieving political ends;
rather, it is about seizing opportunities to engage
broader constituencies in the spirit of investigation,
discovery, knowledge-sharing, and rational discourse
embodied by science, and to assist in opening path-
ways for further exploration and participation.
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Fig. 2 MIT Ph.D. candidate Eric Bersin delights youngsters at the Boston Museum of Science with a diamond magnetometer he and his

colleagues hauled in from the lab.

Sharing science: Where to begin?

One good way to begin is to think about what audi-
ences you or your group might want to reach, where
they can be found, what they might find especially
intriguing about your field, and how you might engage
them by providing opportunities to see, touch, explore,
ask questions, test answers, and make new connections.
The agenda here is not about how much knowledge
you can impart, but how deeply you can awaken in
those around you those qualities of curiosity, inquiry,
and enthusiasm that may prompt them to continue
exploring on their own. This is the pedagogy of
inquiry-based learning, and it is the hallmark of pro-
gressive classrooms and the core of the informal sci-
ence learning industry—the professionals who design
and provide museum programs and exhibits, citizen
science and ranger interpretive programs, aquarium
adventures, after-school nature clubs, and other out-
of-classroom education experiences.

In fact, a good way for scientists to cultivate
broader communication skills and reach a larger au-
dience, is to get involved with these types of infor-
mal science learning organizations (ISLOs), where
sharing knowledge, inquiry, and insight into the nat-
ural world is core to their mission. ISLOs are likely
to host volunteer opportunities and relevant collec-
tions, plus the spaces and facilities for accommodat-
ing visitors. They are already on the map as
destinations for education- and adventure-loving
people; they bring in science-attentive audiences;
and many of them have staff who can help research-
ers develop effective means of engaging visitors. So,
if your time for outreach is limited, ISLOs can help
you leverage your efforts.

A brief introduction to the world of
informal science learning

It is considered informal because it is not required,
subscribes to no one set of standards, involves no
exams or degrees, and usually happens outside the
classroom. Another moniker for it is “free choice
learning” (Falk 2002), because participation is purely
voluntary: If it is not interesting, engaging, or fun,
people will simply walk out the door. So, ISLOs
employ professionals skilled at designing, imple-
menting, and evaluating these experiences to ensure
that people will want to keep having them. They
seem to be doing a very good job. The Association
of Science-Technology Centers has over 650 mem-
bers operating in 47 countries, and based on 2016
survey data, estimates 120 million annual visits
worldwide and 70 million in the USA alone
(ASTC 2017).

This influx of humanity is a bonanza for scientists
wanting to get involved in outreach; it is far greater
than the numbers who can be attracted to campus or
institute venues. But their very popularity can limit
the operational flexibility of larger science centers,
museums, zoos, and aquaria. They are institutions
with complex infrastructures. They schedule exhibits
and programs, courses and visits, months and some-
times years in advance. Staff time is strictly allocated
and budgets are limited. Few people realize that most
US museums are not publicly-supported as are the
Smithsonian Institution museums in Washington,
D.C,; instead, they must make their own way on
admission tickets and parking fees, grants and don-
ations, gifts and tax breaks. This has implications
that will be addressed a bit later.
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The first step for the scientist is to locate potential
allies and partners. Scan your community and neigh-
boring communities; find out what organizations are
engaged in providing enrichment experiences for
adults and youth; read their websites, make a visit.
If you are a person who works with animals, try
parks, zoos, refuges, aquaria, science, and natural his-
tory museums. If you are a person who works with
plants, check out botanical gardens, horticultural so-
cieties, arboretums, parks, science, and natural his-
tory museums. Do they welcome local community
members? Do they attract diverse visitors? Find out
if they have collections relevant to your research, in-
house scientists or curators, or educational programs
that might welcome new ideas and resources. Find a
person you can talk with who manages education
programs, exhibit planning, or outreach; discuss the
organization’s needs and goals. These are the people
to whom you may take your ideas, make your initial
pitch—get a dose of reality perhaps—then come back
with a revised approach. The reality is that they, like
you, have limited bandwidth, budget, and resources,
and often other very real constraints; like visitor
safety, animal welfare, employment law; it is helpful
to understand what some of these are. Smaller organ-
izations can sometimes be more flexible. Perhaps
your project can be slipped right into a schedule of
programs being curated for next spring; perhaps
there is a volunteer opportunity for someone with
your talents and expertise. You may need to reimag-
ine and reconfigure to find the best match for all
concerned.

When is greater strategic collaboration
required?

Sometimes, just becoming a regular volunteer is
what it takes to find a satisfying outlet for your in-
terest in sharing science with others. You may be
required to go through some training and supervision
to get certified to work with visitors. However, other
times, it may be the case that you want to contribute
something new about your work, your research, or
your field; perhaps by adding a new perspective, pro-
gram, or activity in addition to what is already being
offered onsite. Small ISLOs may have more flexibility
to do this, but also fewer resources to spare. In larger
ISLOs, as in larger universities, the wheels grind more
slowly. In these cases, additional consultation, plan-
ning, and development will be required; even more so
if the partnership involves formal contractual arrange-
ments, as in large research center—science museum
collaborations, or if the collaboration is being written
into a grant proposal as a deliverable of federal
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research award. While this approach requires more
up-front effort, it can also help you and your col-
leagues realize a public engagement initiative with
much greater impact than you would have been
able to achieve on your own.

In fact, one big incentive for scientists to take steps
toward getting involved in outreach comes in the
form of guidance from science-funding organizations,
who sometimes counsel applicants to include compo-
nents of public outreach in their research programs.
The National Science Foundation has its Broader
Impacts Criterion alongside its Intellectual Merit
Criterion, and this is designed to motivate applicants
to use time and resources allocated from their award
to address connections between research, practice, and
societal impact (NSF 2018). Many NSF applicants and
awardees—knowing that they do not necessarily have
the confidence, skills, audiences, or venues suitable for
making a significant impact on their own—look to
ISLOs to help them accomplish these goals (Alpert
2009, 2013). The NSF-funded Center for the
Advancement of Informal Science (CAISE) provides
advice, practical tools, and encouragement. (see the
Resource section further below.)

As a museum professional, I welcome the oppor-
tunity to bring scientists into the museum to inter-
act face-to-face with our guests. Early-career
researchers tend to be considerably more diverse
than their more senior mentors, and we find it
thrilling to see youngsters from different ethnic
and cultural backgrounds light up when they get
to interact with role models who look like not-
much-older versions of themselves. Scientists bring
authenticity to our programs, and they help us in-
troduce state-of-the-art science and technology to
our constituencies. We have learned that we need
to allocate significant time and resources to cultivate
these partnerships; to understand the research well-
enough to help devise ways to share it, and to give
the scientists and their students the training and
supervised practical experience they need to feel
confident and successful working with visitors of
all ages and backgrounds.

Advice to scientists regarding ISLO
collaborations

Because science museums get so many requests from
researchers to help them pursue the broader impacts
portions of their research projects, I wrote a guide
for science museum professionals several years ago,
providing advice on ways to develop effective part-
nerships with university-based researchers and re-
search centers (Alpert 2013). These days, I spend a


Deleted Text:  - 
Deleted Text: .
Deleted Text: See 
Deleted Text: .

Connecting to the world of informal science learning

considerable amount of time in universities, working
with researchers on their professional and public
communication skills, and I have learned that they
often would like guidance about initiating effective
collaborations with science museums and other
ISLOs. The first lesson concerns last-minute calls.

Science museum managers often receive last-
minute calls or emails from researchers who are about
to submit a proposal to a funding agency such as the
National Science Foundation. These callers suggest
that as part of their federally-funded research they
will provide to the science museum a great set of
evening lectures, or perhaps an exhibit to be designed
by their graduate students in connection with their
proposed research. Typically, the university caller
requests a pdf sent on museum letterhead, confirming
commitment to the proposed collaboration. The re-
quest may be urgent, as the letter needs to be in-
cluded in the proposal submission which may be
due in only a few days; the details to be worked
out later. Yet, by this stage in the proposal develop-
ment process, the entire budget has almost certainly
already been allocated. There has likely been little dis-
cussion on what form of outreach might be best
suited to the topic or to the intended audiences,
and no consultation with the proposed ISLO collab-
orator. As I advise my science museum colleagues,
such a request needs to be politely but firmly turned
down, with an invitation to make contact again sev-
eral months ahead of the next proposal due date.
Here are a few of the warning flags this approach
raises in the mind of the ISLO professional:

e It is indicative of last-minute planning, and
assumes either that public engagement projects
are trivial to carry out, or that the museum already
has plenty of funding, resources and staff on hand
to do the work, which is almost never the case.

e In the absence of a budget and a well-thought-out
evidence-based plan, savvy reviewers may doubt
serious commitment. Even if the proposal is
funded, neither partner will have much incentive
to follow through on the vaguely-stated intent,
especially in the midst of other more pressing pri-
orities. This just-in-time approach does not bode
well for future collaboration. It tends to produce
token efforts, perhaps in time for critical grant
reporting periods.

e Lectures and talks have their place in informal
science learning settings. Even so, most
university-style talks and Powerpoint presentations
need considerable transformation before they are
ready for prime-time in free-choice learning ven-
ues, where the audience will walk away if not
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engaged, or if the slides are crammed with graphs
and technical information too small to see. Had the
researchers proposed introductory discussions ear-
lier with ISLO management and staff, there could
have been brainstorming and collaboration toward
crafting more welcoming, interactive, and effective
audience engagement experiences.

e The conception, design, and production of most
science museum exhibits is a complex, team-
based craft of professionals guided by accepted
standards in education, design, spatial integration,
accessibility, and safety; with adherence to strict
scheduling for prototyping, evaluation, and revi-
sion; and a commitment to maintenance. It is
not a job for graduate students. However, with
appropriate staff support, many museums can pro-
vide graduate students with training in science
communication and public engagement, and work
with them to develop smaller, simpler hands-on
activities for visitors and other forms of face-to-
face engagement.

The last-minute phone call signals a lost opportu-
nity to benefit both the research enterprise and the
broader community, the principal investigator and
the students, and the cause of science literacy in
general. But it does not have to be this way.
Gradually, researchers and informal science educa-
tors are learning how to come together to brain-
storm and plan their collaborations more effectively
and successfully.

Collaboration through strategic
planning

With inspiration, complementary expertise, and ad-
vance planning, many researchers and ISLO profes-
sionals have initiated very successful research
center—science museum collaborations, some lasting
for many years. I manage one that has been ongoing
since 2001, funded by successive NSF research center
grants and renewals (NSF 0117795, 0646094,
1231319). This collaboration has produced museum
programs and presentations, videos, podcasts, and
television news, science theater and special events
reaching millions of people. It has also provided sci-
ence communication training for hundreds of uni-
versity students. But a successful collaboration need
not be so grand in scale. What counts most is that
the collaborators understand each other, discuss the
options in advance, find the right fit for their respec-
tive interests, resources, and prospective audiences,
agree on a plan of action, and set an appropriate
budget. In smaller scale collaborations—for instance,
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those involving a single research lab and a local ISLO
or a single department of a larger ISLO—these plan-
ning activities may be easily accomplished in the
space of several meetings, culminating in a simple
letter of agreement.

Larger-scale collaborations—such as those involv-
ing large research centers, multiple organizations,
and ambitious projects to be implemented across
several years—are more likely to succeed if certain
planning steps are undertaken in advance. We rec-
ommend that each prospective collaboration partner
conducts a preliminary strategic assessment that lays
the groundwork for building successful collabora-
tions. For the ISLO partner, this includes:

o identifying high priority topic areas for exhibit
and program enrichment; especially those that
would benefit from collaborations with university
researchers and students; and

« providing infrastructure for vetting and managing
collaborations. This may include designating a
point person and setting up in-house procedures
for internal planning, consultation, evaluating,
and budgeting and accounting.

For the research partner, it includes:

o assessing the range of goals for pursuing the
collaboration;

« considering desired outcomes;

« evaluating available resources or potential external
funding;

o exploring potential partners and their interests
and availability; and

o beginning discussions many months prior to the
intended activity or proposal.

Translating research

Scientists get funding for very specific technical inves-
tigations that can sound quite inaccessible to general
audiences. The research team may be proposing, for
instance, to investigate how rainfall patterns influence
fertility variations across sub-populations of a certain
ground species. Science communication professionals
and museum educators can help scientists tell their
story within a broader context that provides addi-
tional motivation and relevance; perhaps in this
case, the need to better understand the impact of
climate change on the emergence of new animal-
borne diseases. They might also encourage the
researchers to share more personal insights, to high-
light the adventures of field work, bring in samples, or
develop an interactive activity that allows players to
explore the effects of several variables on animal pop-
ulations and disease. The goal is to balance the what
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with the why and the what for—to tell a good story
and reveal the eye-opening big picture. The hidden
benefit for scientists is that these strategies can also be
quite useful in helping them communicate effectively
with funders, journalists and, perhaps surprisingly,
with scientists in other specialties, helping to set the
stage for innovative cross-disciplinary research collab-
orations (Alpert 2013).

Forms of engagement

Most people think of exhibits when they think of
science museums, and yet an exhibit may not be
the best approach. Exhibits are expensive, and they
take a lot of time to develop, prototype, test, and
install. They are also difficult to update as the re-
search advances.

Scientists who want to engage more actively with
visitors would do well to conceive of it as an oppor-
tunity to learn as well as share expertise. By being
willing to listen and ask questions, they can join with
visitors in exploring broader aspects and societal
implications of research, and these conversations
can sometimes yield important new perspectives. If
the research has controversial elements, tools are
available to help researchers working with ISLOs de-
velop public forums on science and technology
topics (Bell et al. 2017).

Much interpretation of current science occurs in
the form of museum exhibit hall presentations and
demonstrations, through web and new media, and at
special events where researchers and their students
can interact and dialogue with visitors, preferably
with prior coaching by ISLO staff. These types of
activities are easier than exhibits to update and im-
prove as the research progresses and yields new find-
ings. In nature centers and zoos and aquaria,
enrichment programs can also take the form of tours
and gallery talks, aided by hands-on activities that
bring visitors closer to the organisms and environ-
ments under study.

One of the best uses of grant resources is to pro-
vide partial support for one or more ISLO educators
who can get to know the research team and their
work, and collaborate with them to develop novel
programs and activities. The ISLO educators can
then deliver those programs and activities on an on-
going basis without taking too much time away from
the scientists and their students. This strategy lever-
ages the partnership to achieve even broader impact;
many more people will have the opportunity to par-
ticipate; there may be potential for further
dissemination.
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Budget

Try to avoid getting too far along discussing a vision
for education and outreach without some grounding
in the reality of its cost in relation to the resources
available. If funding is limited, aim to do a fabulous
job within the available resources; or, see if negotiation
or additional fund-raising can produce the necessary
resources. University faculty may be accustomed to a
culture where time is more flexible and students pro-
vide off-the-clock labor. They may underestimate the
true cost of the professional expertise involved in de-
veloping, testing, and carrying out truly effective infor-
mal science learning programs on a regular basis. The
bottom line is to design a scope commensurate with
the budget, and then execute it very well.

Research and evaluation

Research and evaluation are increasingly important
aspects of informal science learning design, and the
field is developing in a more scholarly way, with
increased capacity to devise testable research ques-
tions, implement stricter protocols, and publish find-
ings. Outreach collaborations do not typically
involve formal research studies, but they do require
a commitment to at least a literature review and
front-end and formative evaluation strategies that
can help guide the design, development and remedial
modifications of exhibits and programs, workshops,
and other kinds of learning activities. While page
limits restrict the amount of detail allotted to the
education, outreach and other broader-impacts com-
ponents of research proposals, the plans will be taken
more seriously if they (1) reference published mate-
rial supportive of the approach, (2) include evalua-
tion plans, and (3) mention the qualifications of the
design and implementation team. Review panels and
program officers are increasingly savvy about distin-
guishing well-planned, evidence-based strategies
from those that merely sound good. They look for
measures of impact and other forms of accountabil-
ity that can be built into the program, as well as the
intention to share what is learned through posting of
evaluation studies to repositories such as www.infor-
malscience.org. NSF has made available its own
Framework for Evaluating Impacts of Informal
Science Education Projects (Friedman 2008), and
the NISE Network developed a Team-Based Inquiry
Guide (Pattison et al. 2014), that helps program
developers conduct their own in-house formative
evaluations. Keep in mind that surveying, observ-
ing, testing, interviewing, and other evaluation
protocols conducted with adults and particularly
with children (minors 18 and under) may be
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subject to approval by an Institutional Review
Board (IRB). Partners should be prepared to set
up a working arrangement with the university’s
IRB or that of the ISLO.

A Worksheet for Scientists Seeking Collaborations
with Informal Science Learning Organizations
(Reproduced here with permission from the
Museum of Science)

What do we want to share with broader audiences?

e Do we have specific messages to communicate?
A new perspective to share?

e Why do we think it is important to share these
ideas/experiences? What motivates us?

o How might the community benefit?

¢ Whom do we most want to reach, and where can
we find them? What might we learn from them?

o Are they likely to already have an interest or
connection to this topic?

o How will we attract and engage them? What un-
usual experiences might we be able to offer?

o What is our timeline, and what resources can we

bring?

What informal science learning organizations might
we be able to partner with?

e e.g., natural history, science, or children’s
museums; zoos, botanical gardens, aquaria;
parks, historic sites, visitor centers; libraries,
after-school, community organizations.

e What programs and activities do they have that
we might fit in to?

e Who can we speak with there?

Topics for discussion with a potential ISLO partner

o Do they already partner with researchers? If so,
what is the procedure?

e How interested are they in our topic area and
our ideas for collaboration?

e What resources, materials, and expertise can we
bring to the table? (What special experiences can
we offer?)

e Could they help us develop the content and for-
mat in a way that will be successful with their
visitors?

o What additional funding, resources, support will
they need? Are they interested in joining a grant
proposal with us, and do they have the where-
withal to do that? (e.g., grants management in-
frastructure, IRB, federal ID, etc.)
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o Can some of our students be involved? What
training will they need?

e What is a reasonable timeline for pursuing next
steps?

Working together

o Designate coordinators from each organization.

e Meet to brainstorm ideas for developing engag-
ing content and format.

e Check these against practical and operational
constraints, time, and resources.

 If a funding proposal is required, come to agree-
ment on scope and budget.

e Devise an initial development, evaluation, and
implementation plan.

o Vet with internal and external stakeholders.
o Set timelines and checkpoints.

o Keep in touch. Regular communication builds
trust and confidence.

Resources for scientists interested in
partnering with ISLOs

o Find a science center, museum, z00, or aquarium
at the Association of Science-Technology Center’s
web  resource:  http://www.astc.org/about-astc/
about-science-centers/find-a-science-center/

o Gain insight into informal science learning peda-
gogy, strategy, and evaluation at the Center for the
Advancement of Informal Science’s introductory
page for scientists: http://informalscience.org/proj-
ects/scientists-and-public-engagement

o Consult the Framework for Evaluation Impacts of
Informal Science Education Projects, an NSF-
sponsored guide: http://www.informalscience.org/
framework-evaluating-impacts-informal-science-
education-projects

e Consult the website of the National Alliance for
Broader Impacts (NABI), an NSF-funded network
of individuals and organizations working to build
institutional capacity, advance BI, and demon-
strate societal benefits: https://broaderimpacts.net.

o Consult “Public Engagement with Science: a guide
to creating conversations among publics and sci-
entists for mutual learning and societal decision-
making,” at https://www.mos.org/sites/dev-elvis.
mos.org/files/docs/offerings/PES_guide_10_20r_
HR.pdf.

e Look into Portal to the Public, a network of
ISLOs that provide training and resources for
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museum-university partnerships: https://popnet.
pacificsciencecenter.org

o Download printed and electronic material included
in the Sharing Science Workshop & Practicum
Planning & Implementation Guide. The SSW&P
is an effective one-day or two half-day workshop
used by researcher-ISLO partners to introduce
researchers and their students to inquiry-based
learning techniques in informal science learning
environments. http://www.nisenet.org/catalog/
tools_guides/sharing_science_workshop_practicum

Share your science; give it a shot

Share your science. Learn to do it well. Do it with
young people, old people, family members, commu-
nity, and strangers. Share not just what you have
learned, but also how you have learned it, and
how it has influenced your way of thinking.
Endeavor to show others why you find it fascinating,
and what relevance it may have to our lives and to
the world we live in. Invite others in to experience a
bit of what you do. Encourage them to ask ques-
tions; reward them with responses formulated in
simple terms, word pictures, and analogies. Be
open to their thoughts and ideas and listen well.
Such inspiration is priceless.

Acknowledgments

The author wishes to thank her Museum of Science
colleagues Karine Thate, Megan Litwhiler, and Larry
Bell; Martha Merson for the impetus to write this
piece; and the reviewers for their sound advice.

Funding
This work was supported by the National Science

Foundation [grant numbers 1231319, 1323030,
1555541].
References

Alpert CL. 2009. Broadening and deepening the impact: a
theoretical framework for partnerships between science
museums and STEM research centres. Social Epistemol
23:267-81.

Alpert CL. 2009. The research communication continuum:
linking public engagement skills to the advancement of
cross-disciplinary research. ] Museum Educ 28:28.

Alpert CL. 2013. A guide to building partnerships between
science museums and university-based research centers.
Museum of Science, Boston: NISE Network.

Association of Science Centers (ASTC). 2017. Science center
statistics from the 2016 ASTC Statistics Survey. (http://
www.astc.org/wp-content/uploads/2017/09/ASTC_SCStats-
2016.pdf) (Accessed January 27, 2018).


Deleted Text: Together
Deleted Text: '

Connecting to the world of informal science learning

Falk JH. 2002. The contribution of free-choice learning to
public understanding of science. Interciencia 27:62—65.

Friedman, A. (ed.). 2008. Framework for evaluating impacts
of informal science education projects. (http://www.infor-
malscience.org/framework-evaluating-impacts-informal-sci-
ence-education-projects) (Accessed March 18, 2018).

Bell, L, Lowenthal C, Sittenfeld D, Todd D, Pfeifle S, Kunz
Kollmann E. 2017. Public Engagement with Science.
Museum of Science. (https://www.mos.org/sites/dev-elvis.
mos.org/files/docs/offerings/PES_guide_10_20r_HR.pdf)
(Accessed March 17, 2018).

MOS. 2017. Video interviews with Center for Integrated
Quantum Materials graduate student volunteers at

93

NanoDays 2017. Boston: Museum of Science digital
archives.

National Science Foundation. 2018. Broader Impacts:
Improving Society.  (https://www.nsf.gov/od/oia/special/
broaderimpacts/) (Accessed January 29, 2018)

Pattison S, Cohn S, Kollmann L. 2014. Team-based inquiry: a
practical guide for using evaluation to improve informal
education experiences. 2nd ed. (http://nisenet.org/catalog/
team-based-inquiry-guide) (Accessed March 17, 2018).

Society for Integrative & Comparative Biology annual meet-
ing program. 2018, January 3-7, San Francisco (http://
www.sicb.org/meetings/2018/spdac.php) (Accessed March
18, 2018).



Integrative and Comparative Biology

Integrative and Comparative Biology, volume 58, number 1, pp. 94-102
doi:10.1093/icb/icy010

Society for Integrative and Comparative Biology

SYMPOSIUM

Developing Interactive Exhibits with Scientists: Three Example
Collaborations from the Life Sciences Collection at the
Exploratorium

Denise King,' Joyce Ma, Angela Armendariz and Kristina Yu
Exploratorium, Pier 15, the Embarcadero, San Francisco, CA 94111, USA

From the symposium “Science in the Public Eye: Leveraging Partnerships” presented at the annual meeting of the Society
for Integrative and Comparative Biology, January 3-7, 2018 at San Francisco, California.

"E-mail: dking@exploratorium.edu

Synopsis Science museums have made a concerted effort to work with researchers to incorporate current scientific
findings and practices into informal learning opportunities for museum visitors. Many of these efforts have focused
on creating opportunities and support for researchers to interact face-to-face with the public through, for example,
speaker series, community forums, and engineering competitions. However, there are other means by which prac-
ticing scientists can find a voice on the museum floor—through the design and development of exhibits. Here we
describe how researchers and museum professionals have worked together to create innovative exhibit experiences for
an interactive science museum. For each example: scientist as (1) data providers, (2) advisors, and (3) co-developers,
we highlight essential components for a successful partnership and pitfalls to avoid when collaborating on museum
exhibits. Not many museums prototype and build their own exhibits like the Exploratorium. In those cases, there
may be similar opportunities in more mediated offerings such as public demonstrations or lectures or in other
formats that allow for direct interactions between scientists and visitors. We believe there are many opportunities
for researchers to share natural phenomena, to advise on exhibit development and interpretation, to provide much
needed materials, and to otherwise incorporate authentic research into the learning experiences at museums, no
matter what the format.

Introduction to a planned sequence. Some exhibits may be orga-

Exhibits are the heart of a museum experience. In a  nized into an exhibition with a strong, overarching

science museum or center, they “present natural
phenomena, technological innovations and scientific
ideas in ways that prompt visitors, interacting with
them, to ask themselves questions and reinforce their
own learning” (Semper 1990, 50). They may also
focus on aspects of scientific practice, allowing visi-
tors to engage in inquiry with the authentic tools
and techniques a practicing scientist would use. A
museum exhibit experience has been described as
episodic versus continuous, short—possibly a few
minutes, and unmediated, without staff facilitating
its use (National Research Council 2009). Because
museums are free-choice learning environments, vis-
itors may not encounter, let alone choose to attend
to an exhibit, and exhibits are rarely used according

Advance Access publication April 25, 2018

message; others may be placed in a loose thematic
configuration with neighboring exhibits. Thus, there
are no guarantees that a visitor will come to an ex-
hibit with the prerequisite knowledge learned from a
prior exhibit to make sense of the current exhibit
being used (National Research Council 2009).
Finally, the museum is a social and physical place
(Falk and Dierking 2012), where visitors come with
family and friends to, increasingly, use hands-on in-
teractive exhibits.

Although all museums curate their exhibit collec-
tions to fit with their mission, audience, and insti-
tutional priorities, not all museums are able or
choose to develop their own exhibits. The three
examples given in this paper are illustrations of

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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what is possible when there is a development team at
an institution, the Exploratorium, with a long his-
tory and commitment to prototyping. Museums
without in-house exhibit development staff can use
these examples to guide their relationships with local
researchers, inform their work with outside consul-
tants, and as inspiration to create their own exhibits
and programs with researchers. Each example repre-
sents a different way in which research scientists
worked with exhibit developers under multiple con-
straints to create an engaging exhibit for the mu-
seum floor: (1) researchers as data providers, (2)
researchers as advisors, and (3) researchers as co-
developers.

Background
Biology exhibits at the Exploratorium

The Exploratorium, founded in 1969 by Frank
Oppenheimer, is an organization dedicated to creat-
ing inquiry-based experiences that foster curiosity
about the natural world. The museum is located
on the San Francisco waterfront where we create
tools and experiences for our museum visitors, our
online audience, local communities, teachers and
other educators, and museum professionals. The
public floor of our museum has over 600 exhibits
in seven galleries loosely organized by subject matter.
Many of these exhibits are interactive and almost all
of them were built on-site in the Exploratorium’s
machine shop.

In addition to the machine shop, the
Exploratorium has an on-site 3000 square-foot bi-
ology laboratory. The laboratory facilities include a
sterile cell-culturing room, —80°C freezer, incuba-
tors, an autoclave, fume hood, laboratory benches,
and safety equipment. It also houses dedicated
plant-growing facilities, a zebrafish culturing facil-
ity, and a salt water table. The laboratory contains
numerous dissecting and compound microscopes,
including four research-grade automated micro-
scopes in the Microscope Imaging Station (MIS)
facility. Staffed by biologists, the laboratory cares
for a living collection of over 40 types of samples,
including fruit flies, human stem cells, mimosa
plants, and an assortment of microbes. This facility
is adjacent to the exhibit floor and is used to sup-
port new exhibit development and ongoing exhibit
maintenance.

The following outlines the basic process used to
develop biology exhibits at the Exploratorium
(Fig. 1), with a focus on what may be helpful to
potential scientific partners who wish to become
involved.
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1. Discover and understand the phenomenon

7 )

3. Evaluate with

4. Figkavbe visitors
4. Design and 6. Maintain and
build 5. Document improve

Fig. 1 Exhibit development process.

(1) Discover and understand the phenomenon. The
first step to developing an exhibit is to identify a
compelling phenomenon with which visitors can
interact. Ideas can come from various places in-
cluding research papers, classroom demonstra-
tions, Internet searches, and art installations.
Academic conferences offer a wide array of talks
in a defined content area, as well as a way to
meet researchers in person. Museum staff may
not be members of multiple academic societies
so access may be an issue. To bridge that gap,
researchers can sponsor museum staff from their
local institutions to attend a conference in a
subject area they are currently exploring.
Another very important way we identify candi-
date phenomenon is through visiting research
laboratories. Lab visits allow us to see new phe-
nomena and organisms, as well as the equip-
ment necessary to maintain and interact with
them. Inviting museum staff into research labo-
ratories is a low stakes way scientists can sup-
port our work.

While searching for potential exhibit ideas, we
constantly assess how well a potentially interest-
ing phenomenon might translate to an exhibit.
We ask hard questions prior to the start of pro-
totyping and often depend on scientists to help
us better understand the answers:

e Is an exhibit the correct outcome for the phe-
nomenon, content, and concepts? Many con-
cepts and content areas are very difficult to
adapt to hands-on, phenomenological exhibits.
If an idea is not well suited for a phenomenon-
based exhibit, it is best to acknowledge this
early and explore other options. Perhaps a
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live demonstration by a knowledgeable scien-
tist would be more engaging to visitors or
spark another exhibit idea?

Is the interactivity of the proposed exhibit
meaningful to visitors? Can visitors interact
with the phenomenon, or is the interactivity
solely designed to deliver more content or
give the visitor something to do divorced
from the actual phenomenon? Do visitors
even understand that they are interacting
with the phenomenon? This is a question
that may best be answered by talking with vis-
itors to ascertain their point of view.

Can visitors experience the phenomenon? Is
the phenomenon reproducible and at what
time scale? Because many Exploratorium visi-
tors spend less than 30 s at an individual ex-
hibit, it is important for the phenomenon to
be readily experienced upon approach.

Is the exhibit experience worth the develop-
ment effort and cost? For example, is the tech-
nology needed for the exhibit stable and
affordable? Would this be the case in 5 years?

If an exhibit successfully makes it to the mu-
seum floor, can it be maintained? Is there a
local laboratory that is willing to support the
exhibit with raw materials for the long term?

The length of time for this phase of a project
can vary widely from 2 months for a single ex-
hibit, to a year or more for groups of exhibits.
Content that is more abstract, goals of funders
and museum staff, and technical complexity can
add time to this estimate. The best strategy is to
discover more ideas than the number of eventual
exhibits. Smaller museums may want to focus on
developing fewer interactives which are sup-
ported with more traditional exhibitry.

(2) Prototype. Once these questions have been ini-

tially assessed, and we believe the idea is worth
pursuing, we follow an iterative development
process informed by visitor evaluation. We con-
tinue to ask these questions especially during the
early stages of prototyping. At first, exhibit
developers try out simple, mocked-up, mediated
interactions to explore the phenomenon. If these
initial interactions show potential, the exhibit
developer does a deeper dive to develop her un-
derstanding of the phenomenon, often with sci-
entists’ help, and to determine ways to exhibit
the phenomenon. Typically, there are several
rounds of quick, low-cost prototyping with

(3)

(4)
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small groups of colleagues before it is tested
with visitors for refinement.

Evaluate with visitors. Once the exhibit developer
has a prototype that she feels is ready for visitor
testing, she starts a conversation with an evaluator
to determine what type of visitor input would be
useful and can be collected to inform the proto-
typing process. Evaluation is an integral part of
exhibit development at the Exploratorium, used
to understand visitors’ interactions with a proto-
type, and identify potential issues and opportuni-
ties for improvement. Evaluation can help refine
an early prototype as well as check a fully func-
tioning version of a nearly complete exhibit before
its final build. The Exploratorium’s Visitor
Research and Evaluation Department works
closely with developers throughout the prototyp-
ing effort. Not all museums have in-house eval-
uators and may depend on outside consultants or
other staff members. What is important is that
usability issues and misinterpretations are identi-
fied and addressed and that often depends on
talking and/or observing visitors systematically
with the prototype.

Timing of prototyping and evaluation varies
greatly depending on the complexity of the ex-
hibit, both in terms of content and interactivity
design. It is important to remember to keep the
exhibit as simple as possible. Avoid incorporating
multiple ideas and pathways in to a single design
(Allen and Gutwill 2004). Expect to budget 3—
4 months for a single exhibit, up to a year for
more technically complex exhibits like Example 3.
Smaller museums may want to work with local
fabrication shops to assist in prototyping.

Design and build. After multiple iterations, the
exhibit developer converges on the final interac-
tion design. The central focus of the design
phase is to keep the interaction true to the pro-
totypical form, while hardening the design so it
can withstand the rigors of the museum floor.
The exhibit components are often drawn and
assembled in 3D modeling software so the vision
of the exhibit developer can be shared with the
project team. The design takes into account
Americans with Disabilities Act guidelines, du-
rability of materials, and standard components
that have been used successfully in previous
exhibits. Often, designs and components with
proven durability become standards that are ap-
plied to future exhibits. If the exhibit is part of a
larger collection, design elements and materials
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may be shared among several exhibits. In our
experience, we expect to budget up to 4 months
per exhibit for design drawings, fabrication, and
assembly. If working with outside fabrication
shops, it may be best to bundle multiple exhibits
into batches. Smaller museums can develop rela-
tionships with local workshops that may provide
design help, or work with an exhibition design
firm during the production phase of the project.

(5) Document. Once an exhibit is successfully
installed and can be maintained on the museum
floor, it is extensively documented and archived
for future reference. Documentation can include
pictures of early prototypes, fabrication draw-
ings, background information on the scientific
concepts in the exhibit, and a contact list of
vendors and/or research scientists who have pro-
vided materials. Document early and often, and
complete the documentation package within
2 months of the opening of the exhibition while
the information is still fresh.

(6) Maintain and improve. At the Exploratorium,
we like to think that no exhibit is ever truly
“finished”. Instead, we feel that most exhibits
can be improved over time, as we learn more
about visitors’ interactions, with the evolution of
technology, or with scientific advancement.
However, limits on time and resources mean
that revisions become few and far between as
time passes and the focus shifts to exhibit up-
keep. It is important to clearly communicate
when the exhibit development project is com-
plete and the commitment of the scientist is
fulfilled. If the exhibit needs ongoing support
such as live cultures, these should be clear and
agreed to by the researchers and museum staff.

Example 1: Researchers as data
providers

The following example from the development of the
exhibit, A Cell in Motion, illustrates how researchers
can share scientific data for exhibits.

Exhibit description

A Cell in Motion is a large, mechanical zoetrope that
features 3D prints of a real cell crawling across a
surface, imaged at the University of California, San
Francisco (UCSF). A zoetrope is an 18th century
device that creates an illusion of motion using a se-
ries of still images, or in this case 3D “sculptures.”
Recent advances in microscopy have made it possible
to capture 3D images of live cells, which we were
then able to 3D print using the original data. A Cell
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in Motion has 49 cell sculptures, each approximately
3.5 inches in length, representing about 2 min of the
cell in motion. As a visitor turns a hand crank,
strobes flash in time with the speed that the cells
pass by, creating the illusion that a single cell is
moving in three dimensions (Fig. 2A,B).

Components of a successful data share

Megan Riel-Mehan, a postdoctoral scholar in UCSF’s
Department of Bioengineering, serendipitously met an
Exploratorium biologist at an academic conference
and showed her a zoetrope movie she made using
3D data from the light sheet microscopy work of
Dr. Lillian K. Fritz-Laylin from the Department of
Cellular and Molecular Pharmacology at UCSF. The
Exploratorium biologist shared the movie with an ex-
hibit developer, who was inspired to make a physical
version, envisioning the cells rendered as physical
objects in a series. Dr. Riel-Mehan worked with the
exhibit developer to optimize her data for the
museum’s 3D printer and to choose an appropriate
sequence of images that would be printable at the
Exploratorium. The key ingredients to this successful
collaboration were Dr. Riel-Mehan’s willingness to
share her data visualization expertise and her data,
which required a degree of trust since the scientific
data had yet to be published when prototyping work
began. The findings have since been published (Fritz-
Laylin et al. 2017), and the contributions of the sci-
entists are revealed to visitors in the exhibit label. All
data sharing and communications were electronic,
making this type of relationship amenable to geo-
graphically distant groups.

Example 2: Researchers as advisors

The example of the MIS project lets us look at the
participation of the scientific community over the
course of a multi-year project that focused initially
on exhibit development but has evolved into an im-
portant programmatic cornerstone of the museum’s
biology collection.

Project description

The MIS project started with the goal of bringing the
beauty and wonder of live microscopic samples to
museum audiences. With developments in auto-
mated microscopy, it had become feasible to adapt
research-grade, computer-controlled light micro-
scopes for use by museum visitors. Previously, the
use of such instruments had been primarily limited
to academic laboratories at universities and other
research institutions. The initial project proposal
was developed by the Exploratorium in collaboration
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Fig. 2 Exhibit prototypes and facilities. (A) A cell in motion exhibit. (B) A cell in motion’s 3D sculptures. (C) Two people using the VIM
exhibit prototype. (D) The large projection and the microscope in the VIM setup. (E) Visitors using the interactive microscopes in MIS.
(F) Scientists at work with visitors at the living systems laboratory facilities.

with a research scientist with a significant background
and experience in microscopy, as well as a desire to
reach the public with the imagery and sense of discov-
ery that he found so compelling in his scientific work.

Housed in a room with large windows onto the
exhibition floor, the MIS facility contains four auto-
mated, computer controlled light microscopes. There
are currently three Zeiss MZFLIII inverted micro-
scopes and one Zeiss AxioZoom, all with computer
controlled stages, focus, objective change (or, in the
case of the AxioZoom, a zoom), and light settings.
On the outside of the facility, on the museum’s pub-
lic floor, are kiosks that enable museum visitors to
“drive” the microscopes and look at a live, full color
video direct from a microscope on a large screen.
Visitors control the microscopes using a joystick to
move the motorized stage, a knob to focus, and a

touchscreen, where virtual buttons let visitors choose
magnification, light conditions, and sample type. The
microscope used by a visitor is in view through large
windows, and the live image from the microscope
also appears above the window on a large video
monitor (Fig. 2E). All samples featured in the MIS
exhibits are alive and may include developing zebra-
fish (Danio rerio) embryos, the protist amoeba,
mouse embryonic stem cells, or cardiac myocytes
derived from mouse embryonic stem cells. Adjacent
to the live image, interpretive media guides visitors
through sample exploration and provides context
and information about the live sample in view.

Components of a successful advisory relationship

Advice from the research community was particu-
larly valuable during the initial stage to help staff
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discover and understand the phenomenon and tech-
nology. This advice came in several forms:

Equipment expertise. During the initial phases of
MIS development, choosing what hardware to invest
in was critical. The advice and expertise of a number
of project advisors were invaluable in pointing the
museum team toward instruments that they as
researchers and everyday users could recommend
in terms of robustness and meeting the technical
needs of the project. They also could speak from
direct experience using these microscopes about
ease of use and extensibility to studying a wide va-
riety of live samples. The choice of key accessories
for the microscopes, such as heaters, objectives,
video cameras, and shutters, was also heavily influ-
enced by the perspective of the project’s research
advisors.

Sample selection. Critical to the success of the
“exhibit” aspect of the project and visitor
engagement was sample choice and procurement.
For this, the museum project team had the benefit
of being in San Francisco. With a number of re-
search universities as neighbors, proximity was key,
enabling museum staff to visit a number of labora-
tories in search of suitable live samples for this suite
of microscope exhibits. A number of researchers in
the San Francisco Bay Area generously hosted visits
so that the MIS project team could not only see the
live samples in action in a scientific setting but could
also have honest conversations with the scientists
using the samples as to how feasible it might be to
maintain the sample in the Exploratorium’s labora-
tory. Once appropriate samples were identified,
researchers were enormously generous in providing
these live specimens to the museum to be used in
the exhibit, or providing detailed information about
where to obtain the samples and how to maintain
them.

Scientific content and practice. Finally, with the
instruments in place and live samples chosen, scien-
tific advisors were asked about how they used the
live samples in their basic research. These stories and
in-depth scientific discussions became the backbone
of the interpretive media that accompanies each live
sample in the exhibit.

Example 3: Researchers as co-
developers

The Visitors Interactions in Microbiology (VIM)
project is a partnership between the Exploratorium
and the Riedel-Kruse Bio-engineering Laboratory at
Stanford University, which has pioneered hybrid
digital-biological systems that allow wusers to
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manipulate microbial behavior. Both parties are co-
leads and are co-developing the VIM exhibit proto-
types. As such, of the three examples described in this
paper, this represents the highest level of commitment
and integration from participating scientists.

Project description

The VIM project aims to shed light on how biotech-
nology can be integrated into exhibits to allow real-
time interactions with microscopic life at the human
scale. Exploratorium staff and researchers from the
Riedel-Kruse Laboratory met serendipitously during
an academic conference. At the time, the Riedel-
Kruse Laboratory had already built a prototype sys-
tem, Trap it!, that allows museum visitors to draw
images on a touchscreen, which are projected onto a
microscope slide with live organisms, Euglena graci-
lis. These microbes are phototatic and, therefore, re-
spond to the images projected from the human-
scaled world. The microbes and the light drawing
on the slide are, in turn, projected back to the
touchscreen. An evaluation conducted on Trap it!
indicated the possibilities of this system as a prom-
ising platform to introduce interactivity into biology
exhibits (Lee et al. 2015). Since our chance meeting,
the Exploratorium and the Riedel-Kruse Laboratory
have worked together to adapt the original platform
to create a physical, multi-user interactive experience
for visitors (Fig. 2C,D).

Components of a successful co-development
partnership

Agenda alignment. This co-development effort
reflected a  fortuitous alignment of the
Exploratorium’s and the Riedel-Kruse Laboratory’s
agendas. As a museum known for its hands-on
exhibits, the Exploratorium is always looking for
ways to create engaging, interactive experiences for
its visitors. Interactivity in biology exhibits has been
traditionally realized by providing observational
instruments such as webcams or microscopes for vis-
itor control, or hands-on models or computer sim-
ulations for manipulation. The biotechnology system
prototyped by the Riedel-Kruse Laboratory offered a
novel means of introducing a new form of interac-
tivity into the repertoire of science exhibits in mi-
crobiology not just for the Exploratorium but for the
larger museum field. At the same time, the Riedel-
Kruse Laboratory had prototyped and evaluated its
Trap it! platform and was beginning to look for
other opportunities to adapt and use their system
in informal learning environments. Working with
the Exploratorium on a co-development project
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offered a means of using and refining their bioengi-
neering work for learners in museums.

Complementary expertise. The Riedel-Kruse
Laboratory brought deep expertise to the design
and development of the biotechnology system used
for VIM, while the Exploratorium staff has decades
of experience building, prototyping, evaluating, and
maintaining interactive science exhibits. Nonetheless,
everyone on the VIM project learned enough about
the prototype, the enabling platform, and the visitor
experience to work together to strategize next steps,
make informed decisions, tweak the experience when
necessary, and keep the prototype running during
critical stages of testing.

Each party’s expertise was brought to the fore at
different stages of the exhibit development process:

(1) Discover and understand the phenomenon. The
Riedel-Kruse Laboratory has extensive experience
working with Euglena and knew the minute details
of their phototactic response to different light
wavelengths and intensity as well as their upkeep.
The Exploratorium staff had less extensive knowl-
edge but learned through working with the re-
search scientists to recognize the different
microbial reactions to different lighting conditions,
generate early ideas for visitor interactions, and
ways to maintain samples at the Exploratorium
that would reliably respond to stimulus.

(2) Prototype. The Riedel-Kruse Laboratory designed
and developed the biotechnology platform and
therefore knew not only how the platform
worked and could be adapted but the history of
what had been tried and why a particular solu-
tion may or may not work. Throughout the co-
development effort, they held the deep expertise
on the biotechnology platform, and as such,
drove the redesign of the system. This included
making design decisions, securing parts, and put-
ting together multiple versions of the prototype.

Meanwhile, multimedia exhibit developers at the
Exploratorium brought their expertise in using
existing and emerging technologies in exhibit de-
velopment and public installations to the proto-
typing effort, taking the lead in the design and
development of the Kinect-based user interface
and projection displays. The tight integration be-
tween the platform and the user interface required
very close collaboration between the Riedel-Kruse
Laboratory and the Exploratorium, with clear un-
derstanding of the two subsystems’ interface.

(3) Evaluation with visitors. For the VIM project,
evaluation ranged from informal observations
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done by Riedel-Kruse researchers and
Exploratorium developers, to more formal stud-
ies with visitors conducted by Exploratorium
evaluators. Through a cycle of prototyping and
evaluation, the VIM team built a shared under-
standing of how the VIM exhibit would work
with visitors in the museum setting, grounded
in the Exploratorium’s past experience with
exhibits, refined by technical testing of the
VIM prototypes on the museum floor, and in-
formed by visitor reaction and feedback. For ex-
ample, the iterative process led us to select an
eyepiece that could accommodate children who
tend to have difficulties positioning themselves
to see through the oculus. The light stimulus
was carefully calibrated to effect a response
from the Euglena that was meaningful to visitors
who do not have the experience to readily rec-
ognize evasive behavior. And, the system was
redesigned to address situations where continu-
ous use by visitors drove away all the Euglena
from the active field of view.

Onsite work. One critical aspect of co-development
was the need to do some of the prototyping onsite. It
was not the case that the researchers could build the
prototype in their laboratory and install it on the
museum floor. This was especially true for a system
that needed to be fine-tuned to the light levels, the
environmental conditions, and visitors’ creative and
frequent interactions. We also learned that given the
complexity of the system, even trained staff at the
Exploratorium could not easily step in and debug
the system should something fail. Having a science
partner that was in close proximity made rapid pro-
totyping and debugging possible. Even so, we found it
helpful to develop a system that allowed the research-
ers to remotely control the prototype and processes by
which data from the physical prototype could be au-
tomatically recorded and transferred at the end of the
day to the research laboratory for closer analysis to
assess calibration levels.

Ongoing work. The VIM project is a work in
progress with evaluation, design and build, docu-
mentation, maintenance, and improvement, still on-
going. The goal is to work out the prototype’s
technical issues with the Riedel-Kruse researchers,
determine the best-case use scenarios for visitors,
then proceed to the design, and build phase with
the Exploratorium taking the lead.

Conclusion

This paper describes several ways in which research
scientists have participated in the exhibit
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development process at the Exploratorium including:
hosting laboratory site visits, providing materials
(e.g., reagents, data, software, specimens), advising
on scientific content and technology, co-developing
exhibits and technology platforms, and co-writing
exhibit development proposals. Although different
types of participation require different levels of
time and resource commitment, we have found it
useful for both parties to consider the following be-
fore agreeing to work together:

o Do the parties’ agendas align? At the very least, do
the scientists believe they are contributing to
something worthwhile at the museum and that
their participation is meaningful? Sometimes ex-
hibit prototypes fail and need to be abandoned. Is
this an acceptable outcome for the researchers?
Alternatively, does the work proposed fit with
the timeline and institutional priorities at the
museum?

o Is there a shared understanding of roles and re-
sponsibilities? And, can all parties commit the
time and resources required? People outside of
the museum field are often shocked at the time
and money involved in taking an idea to a fully
functioning museum exhibit. Are both parties
clear on the process, what is expected of them,
and realistic about what they can bring to the
effort?

e Are both parties dedicated to cultivating a long-
term relationship? In any collaboration especially
between very different professional cultures, both
groups need time to establish a common language
and learn to communicate with each other. We
have often found that thinking of a collaboration,
no matter how short, as part of establishing and
maintaining a long-term relationship helps both
parties invest in not just the project but in each
other and makes working together easy and fruit-
ful, sometimes leading to additional opportunities.

Not many museums prototype and build their
own exhibits like the Exploratorium. In those cases,
there may be similar opportunities in more mediated
offerings such as public demonstrations or lectures
or in other formats that allow for direct interactions
between scientists and visitors. For example, during
Scientists at Work days at the Exploratorium, biolo-
gists are invited to set up, as they usually would in
their own laboratories, in an open-air laboratory
space adjacent to the Living Systems laboratory fa-
cilities inside the museum, and carry out their
experiments for visitors to witness (Fig. 2F). They
do not give a scripted demonstration but instead

101

conduct authentic research in public view. Low, glass
panels between the laboratory bench and the mu-
seum floor allow for the scientists to stop and have
conversations about their work with interested visi-
tors. Signage, produced in collaboration with mu-
seum staff, is used to attract visitors, but text is
kept to a minimum to simply highlight the big pic-
ture goals of the research, and to depict the logos of
the research organizations. We hope that Scientist at
Work days not only provide the public insight into
the authentic practice of science but also offer scien-
tists and visitors a means to interact in personalized
and meaningful ways. These interactions often allow
for the researchers to share their personal stories
about their science careers, and help to humanize
the practice of science for our audiences. For more
information on forming partnerships between
researchers and informal science learning centers,
we recommend Carol Lynn Alpert’s A Guide to
Building Partnerships between Science Museums
and University-Based Research Centers (Alpert
2013).

We believe there are many opportunities for
researchers to share natural phenomena, to advise
on exhibit development and interpretation, to pro-
vide much needed materials, and to otherwise incor-
porate authentic research into the learning
experiences at museums, no matter what the format.
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Synopsis Human-induced global change has triggered the sixth major extinction event on earth with profound con-
sequences for humans and other species. A scientifically literate public is necessary to find and implement approaches to
prevent or slow species loss. Creating science-inspired art can increase public understanding of the current anthropogenic
biodiversity crisis and help people connect emotionally to difficult concepts. In spite of the pressure to avoid advocacy
and emotion, there is a rich history of scientists who make art, as well as art—science collaborations resulting in
provocative work that engages public interest; however, such interdisciplinary partnerships can often be challenging
to initiate and navigate. Here we explore the goals, impacts, cascading impacts, and lessons learned from art—science
collaborations, as well as ideas for collaborative projects. Using three case studies based on Harrower’s scientific research
into species interactions, we illustrate the importance of artists as a primary audience and the potential for a combi-

nation of art and science presentations to influence public understanding and concern related to species loss.

Introduction

Societal activities that dramatically alter the planet
and lead to species loss will continue, without key
changes to policy and human behavior (Newbold
et al. 2015). The frightening rate of species loss is
galvanizing some into action, but possibly not
enough to make a difference (McKibben 2011).
Environmental organizations raise funds, file legal
challenges, and apply political pressure, while most
scientists will diligently continue their work, docu-
menting species responses, quantifying species de-
cline, monitoring habitat change, and destruction.
This work is undeniably important. Nevertheless,
without changes to policy and human behavior, so-
cietal activities that dramatically alter the planet and
lead to species loss will continue (Daily and Ehrlich
1999; Novacek 2008; Newbold et al. 2015).
Interdisciplinary collaborations are recognized as an
important approach to address complex environ-
mental problems (Frodeman et al. 2017) and are
compatible with the emphasis on broader impacts
that funders want to see scientists achieve. For those
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scientists who have no interest in stepping into pol-
itics, policy, or citizen science, but who can imagine
motivating others to do so, we describe art (art mak-
ing, art exhibits, art-led outreach) as one vehicle for
spurring societal change.

Scientists do communicate their findings, typically
publishing and presenting once data are in and an-
alyzed. However, Harrower has initiated several out-
reach projects before completing her fieldwork,
desiring to engage people now in attending to eco-
system health and communicating the urgency of
species decline. This unorthodox approach is viable
for projects that rely on discussions of species inter-
action and species loss, rather then specific findings
about research sites. Further, by gathering feedback
from audiences and art-collaborators during the re-
search process, she ensures the development of en-
gaging products and experiences for a variety of
audiences. It is worth noting that such projects can
qualify for institutional support—residencies that
lend credibility to the effort and facilitate research
permit approval, funding to support artists’

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
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involvement, and, in Harrower’s case, approval from
her dissertation committee to pursue outreach along-
side her scientific research.

Art can connect people to complex concepts at an
emotional level and could be used to increase public
understanding of the current anthropogenic biodi-
versity crisis (Harrison and Harrison 1993;
Jacobson et al. 2007; Ballengée 2015; A’Bear et al.
2017; Curtis 2017). Art has the potential to influence
values, beliefs, knowledge, and the development of
societies (Belfiore and Bennett 2006) which are the
same factors driving the environmental behavior of
citizens (Jackson 2005). Art can create a space for
dialogue around important issues, and harness the
power of narrative and imagery to deliver educa-
tional messages that could inspire aesthetic appreci-
ation and emotional response (Carlson 2000; Curtis
et al. 2014). Interdisciplinary teams can tap into a
variety of professional and personal networks, en-
abling access to more diverse audiences for whom
the science work alone may not have emotional res-
onance (Curtis et al. 2014; Ballengée 2015). The art
making process can also enable a deep emotional
connection to the subject being studied, and can
build empathy and understanding around science
concepts, organisms, and ecological systems (Kay
2000; Curtis et al. 2014; Ballengée 2015). As influen-
tial as art can be, as enormous as the potential
rewards are, scientists have cause to be wary.

Analyses of art-science work have found both the
quality of the art and the representation of the sci-
ence lacking, which can do damage to the reputation
of art—science projects (Ballengée 2015), and to the
reputations of those who are involved in them. The
default model for art-science collaborations can
leave either or both parties unsatisfied, with a linger-
ing sense of missed opportunities. In a common sce-
nario, artists are hired help, carrying out an
illustration of someone else’s vision (Glinkowski
and Bamford 2009). Or in some cases, scientists
find their work becomes watered-down or misrepre-
sented in the final art form (Glinkowski and
Bamford 2009; Curtis et al. 2014; Miller 2014).
However, if collaborators can achieve interdepend-
ence, the work can flourish. Interdependence refers
to a clear understanding of roles, and dependence on
the other to fulfill those roles (Bronstein 2003).
Acknowledging that in a collaboration, individuals
will not necessarily have full autonomy over time-
line, team members, tasks, and technique, we won-
dered to what extent these could or should be
negotiated. Pink’s description of these four ts
(team, time, task, and technique) is the basis for
understanding intrinsic motivation. With autonomy
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over these areas, many people will feel motivated to
produce at a high level (Pink 2011). By giving col-
laborators autonomy over two or more ts could lead
to increased motivation and better collaborative out-
comes. Avoiding the pitfalls requires high levels of
engagement from all partners, a commitment to
identifying a shared goal and buy-in for a shared
aesthetic and oversight by scientist experts.

In this article, we describe scientist and artistic
partnerships  through three case studies of
Harrower’s eco-art projects, with additional support-
ing literature. There is a rich history of ecological
and social practice artists who make provocative
work that challenges people to care for their envi-
ronment (Gablik 1991; Harrison and Harrison 1993;
Miller 2014; Curtis 2017). Ecological artists utilize
symbols and narratives of the nature/culture inter-
face to actively engage the public to reckon with
current social and environmental issues. These artists
work across multiple disciplines to collaborate and
utilize different cultures of practice through research,
maker ecologies, scholarly publications, and art
exhibitions.

Since navigating collaborations for purposes of
communication science to public audiences is a
high-risk, high-reward endeavor, we look at three
case studies to answer the following questions:
What features of the collaboration insure both sci-
entific integrity and satisfying, creative roles for par-
ticipating artists? What cascading impacts resulted
from campus-initiated art-science collaborations?
What are the benefits to soliciting feedback from
the public during the creative process?

Case studies

Harrower’s research explores the species interactions
of Joshua trees and their mutualists—fungi and
moths—and how the outcomes of those relation-
ships could shift with the changing climate, resulting
in population declines of the charismatic Joshua tree.
Working as an ecologist, and multi-media eco-artist,
she is interested in exploring through art how to
visually communicate the complexity and ecological
importance of symbiotic interactions (www.
JuniperHarrower.com). Harrower is not alone in de-
riving inspiration for her scientific and artistic proj-
ects from national parks. The US National Parks
have a long history of attracting and inspiring artists,
from the early painters in the 19th century who were
instrumental to establishing National Parks and
attracting visitors, to the more recent widespread es-
tablishment of numerous artists residencies (Winfree
and Dunaway 2011).
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Harrower’s work examines if we can influence ed-
ucation, empathy, and human desire to care for nat-
ural systems and organisms through art. She uses
current science methods and multi-media art practi-
ces to investigate the outcomes of human influence
on ecological systems. By approaching her study sys-
tem through art and science, she hopes to better
understand the form and function of the organisms
as well as to share with others the hidden beauty of
these threatened species interactions. Through this
work she aims to encourage dialogue around social
and environmental issues, to contribute to science
theory, and to make thoughtful recommendations
for policy and management.

The following three case studies from Harrower’s
interdisciplinary research were chosen to highlight
examples of art—science collaborative work: a collab-
oration between artists and scientists in developing
an educational art—science project for the classroom;
an educational multimedia animation collaboration
between artists and a scientist; and a large participa-
tory art collaboration between artists, a scientist,
park rangers, and the public to populate an online
dating site for Joshua trees. An important measure of
the impact of art—science projects can be gathered
from participant and audience experiences (Neff
et al. 2010; Curtis 2017). We include data and feed-
back that were gathered from surveys with 121 peo-
ple across these studies. Surveys were a mixture of
close-ended and open-ended questionnaires admin-
istered by Harrower on paper directly following an
event or class, or conducted online with
SurveyMonkey within days of the event. Open-
ended responses were categorized and coded for fur-
ther analysis (Mason 2017).

Project: seeking symbiosis

Seeking symbiosis grew out of Harrower’s interest in
increasing visibility for her ecology research among
undergraduates enrolled in University of California,
Santa Cruz (UCSC). Harrower and art faculty mem-
ber Geoffrey Thomas co-led an undergraduate digital
arts and storytelling class, teaching students about
the symbiotic interactions of Joshua trees. As part
of the class, Harrower introduced students to her
laboratory, protocols and methods, as well as to
the experimental seedlings. Students spent time in
the greenhouses observing and sketching. Students
created triptychs of the Joshua trees and processes
of the symbiosis, with the goal to emotionally con-
nect with viewers about tree loss (Fig. 1). Harrower
and Thomas planned a showing of students’ work on
campus in both science and art spaces at the
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(UCSC), at a sustainability festival at UCSC, and
shared via local press.

Cascading impacts

The outcomes from this collaboration include stu-
dent and instructor art, an art/science education
model, and exploratory art themes of Joshua trees
and climate change that influenced collaborators
work trajectories. The student artwork was exhibited
in both the science and art departments, and
Harrower and Thomas shared their collaborative
model for art-science education at the California
College of the Arts, art and science conference.
This led to lively conversation with over 80 educa-
tors, scientists, and artists, who were interested in
incorporating this education model into their class-
rooms and practice. These works were also presented
and discussed at the 2015 UCSC social fiction con-
ference. Images from this collaboration are now be-
ing used by park interpretive rangers in JTNP for
educational outreach to teach Harrower’s research
to the public. With over 3 million visitors per year
at JTNP there is great potential for wide exposure to
these materials. Thomas created a series of images to
consider social-political impacts of Joshua trees and
climate change. One striking image of tarantula in-
spired mobile robots that housed Joshua tree sap-
lings that was further developed and later
influenced the creation of a stop motion animation
about Harrower’s research in JTNP.

Impact

Through anonymous feedback (end of class evalua-
tions and an online survey), a majority of students
reported that they gained a deeper understanding of
the human forces driving biodiversity loss and cli-
mate change (n=19). All students found the inclu-
sion of science to be important and useful in their
arts training (on a rating scale with strongly agree to
strongly disagree). A number of students expressed
the desire for a deeper understanding of the science
and science methodology than we had the ability to
cover in the class time, and felt that it would have
greatly improved their ability to make meaningful
art. In spite of the several hours invested in science
content, some students remarked that their ability to
engage with the concepts was limited to just illus-
trating the science.

Lessons learned

Harrower and Thomas articulated an assignment for
their students’ art projects that would grow out of
learning about Joshua trees and stretch beyond
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Fig. 1 Four examples of the projects from Harrower’s art—science collaborations. (A) Seeking Symbiosis: Thomas’ ghostly Joshua tree
depictions with missing limbs reference the trees that we are loosing to climate change using the format of a triptych to commemorate
death and dying. (B) Joshua Tree Love Story: Image still from the stop-motion animation that follows Harrower and her son on a
research expedition through JTNP, to understand why the trees are dying. (C) Hey JTree: Online dating site to meet Joshua trees aimed
at connecting the public to ecology research and to inspire love and stewardship for the trees. (D) Joshua Tree Love Story: Two
backdrops used in the animation painted by Harrower’s unique art process that combines elements of her research organisms into the
painting process (such as Joshua tree seed oil and fibers) to achieve a deeper connection to the study system.

illustrating the symbiotic relationships. Once stu-
dents were steeped in the factors affecting Joshua
tree loss, and particularly the impact of climate
change on key symbionts, students were encouraged
to explore larger themes. They explored theories of
the nature/culture divide, linking them to the cur-
rent disconnect between human activities and their
impact on species and ecosystems through visual im-
agery as desert caretakers. They invoked technologi-
cal imagery and the cultural perception that in the
end science will save us, and we don’t need to dra-
matically change our behaviors (Jackson 2005).
Students’ responses confirmed the value of the ap-
proach Harrower and Thomas took to jointly de-
velop a course rather than limit Harrower’s science
to a one-time guest lecture. As identified in other
art-science projects, a reoccurring theme is some
need for artist autonomy over the final project, to
build intrinsic motivation and emotional investment
(Glinkowski and Bamford 2009). To address

students’ feedback, future courses will allocate more
time to exploring science content and give students a
chance to propose projects inspired by the science
that they work on throughout the length of the
course.

Project: Joshua tree love story

The goal of Joshua tree love story is to increase the
knowledge of an all-ages audience that might not
attend a science talk or ranger program, with an
animated, short film (available online and in class-
rooms) on species interactions. Additionally, to
move artist collaborators and viewers to consider
issues of species loss and motivate sustainable behav-
iors. We asked: can involvement in a science-rich
animation project deeply connect artists to complex
science concepts and motivate sustainable behavior?
Can an animation convey key knowledge about sci-
ence issues and motivate an emotional response
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among viewers? How does a pilot audience react to a
science talk vs. animation?

Film is one of the US’s widest-reaching art forms.
Exported globally, a giant in the economy, the film
industry touches millions of people. In spite of the
popularity of homegrown videos such as YouTube,
scientists rarely create educational videos about their
work. But with reasonable fears of Joshua tree ex-
tinction, Harrower was interested in using film as a
means to achieve her goals of increasing awareness
and motivating action to mitigate climate change.
Harrower found she could both control the storyline
and trust collaborators to carry through on a vision
that didn’t dilute the science content or overly-
dramatize the science process.

In order to make viewers feel the impact of species
loss, the film rapidly portrays Joshua tree loss using
illustrated and animated imagery. The animation
written and directed by Harrower explores the un-
seen world of species interactions and challenges
stereotypes of what science and scientists look like
(Fig. 1) through the character of a scientist and
mother (Harrower) doing field research with her
baby. To motivate sustainable behaviors, the story
connects with the viewers on a human level, through
the relationship of a mother and her child. The nar-
rative follows Harrower and baby on a research ex-
pedition across her field sites in JTNP to investigate
if the rapidly changing climate is having an impact
on tree survival, and to explore the intricacies of the
species interactions that the tree depends on. Tiny
yucca moths (as large stop motion puppets) appear
in magnified detail. Viewers witness the moths stuft-
ing pollen gathered in one blossom into the blos-
soms of another tree. The microscopic web of
fungal interactions in the Joshua tree root system
comes alive with clay and glass beads, symbolizing
nutrient transfer from the soil via the fungi to the
plant, in exchange for plant sugars. Viewers see trees
across the set wither and die. The impact of the loss
is heightened by the parallel aging of the baby into
an old man, to emphasize that species loss can occur
within a human lifetime. One way the film stays
close to the science is by incorporating Harrower’s
highly detailed paintings that mimic the microscopic
complexities of the underground Joshua tree and
fungal symbiosis. The paintings are created from
fibers and oils from the Joshua trees, matching the
data collected in JTNP along a climate gradient from
low to high elevations. The paintings give viewers a
way to see how relationships change with local cli-
mate and soil conditions (Fig. 1).

Significant time was put into sharing knowledge
about the science and the art needed to create the
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work. Harrower led visits to the field, laboratory,
and greenhouses, and shared knowledge verbally
and informally, through written reports, and used
conceptual models and drawings. This fueled the
interdependence of team members. The long hours
shared together generated friendship and respect.
Harrower clarified expectations at the beginning,
such as a general timeline, baseline pay, and indi-
viduals’ roles. These necessarily evolved throughout
the project, with some team members having to
take on more work, but additional funds were se-
cured so participants felt their time was respected.
Work was most productive when the team met to-
gether, otherwise momentum was maintained by
weekly email reports and occasional small group
meetings.

Impact

Informal educators struggle to capture the impact
of widely shown or televised media projects. Can a
film affect viewers’ understanding of complex ecol-
ogy and motivate behavioral shifts? To begin to an-
swer these questions, Harrower convened a focus
group that heard a science talk about the research
and watched an early release version of the
animation.

Joshua tree love story was screened at
SymbioStudio (Oakland, CA, USA), following a sci-
ence talk about the same research to 45 people.
During the event, Harrower collected feedback via
an anonymous survey (10 questions, close-ended,
and 1 open ended question). Ninety-five percent
(n=45) of respondents felt the animation was
more successful than the science talk at conveying
the ecological information. Sixty-eight percent of
those surveyed reported that they were moved to
change their own potentially environmentally de-
structive behaviors after seeing the animation.
Hundred percent of respondents agreed that the sci-
ence talk was more powerful with the accompanying
animation, and that likewise, the animation was
more powerful having followed the science talk.
Twenty-nine respondents provided thoughtful and
lengthy descriptions for ways to improve the flow
of the animation, identified areas needing improve-
ment, or pointed out unclear artistic metaphors that
were at odds with the scientific principles.
Participants expressed that the emotional messages
conveyed through the art connected with them on
a deeper level than the science alone, and that this
resulted in a stronger sense of urgency and need to
do something about human behaviors that contrib-
ute to species decline.
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Cascading impacts

Scenes from Joshua tree love story are part of a vi-
sual library that was created by Harrower during her
iISWOOP residency at JTNP, to provide park inter-
pretive rangers with materials for use in public edu-
cation and outreach. The animated film will be
shown at the JTNP Visitor Center, which during
peak visitation serves as many as 4500 people in
1 day (personal communication from park staff).
Park rangers may use film artifacts: dioramas, pup-
pets, dolls, and props in a Visitor Center exhibit or
as props during programs. We are also currently de-
veloping Common Core ecology and art lesson plans
for educators to use in conjunction with this
animation.

Through an anonymous survey and informal in-
terview, collaborators (n=10) reported that partic-
ipation in an art-science project had inspired new
methods and insights in their own work, and had
also provided them with a deeper understanding
and appreciation for current issues surrounding bio-
diversity loss and climate change, as well as appre-
ciation for the science process. All participants
felt their career was positively enhanced through
this work. Following this experience, seven of the
artists went on to participate in other art—science
collaborations.

Lessons learned

All collaborators agreed on the goals to emotionally
connect the viewers to issues of species loss and mo-
tivate sustainable behaviors. The techniques for art
making, animation, and style (dolls and set design)
evolved with artists’ input. Artists also shaped the
timeline and recruited colleagues to join the project
as needed. So the shared vision or task, timeline,
techniques, and even team were a joint effort.
Because Harrower wrote the screenplay and gave
orientations on the science, she controlled the accu-
racy and integrity, while granting artists freedom to
create something beyond her original vision.

Significant effort was put into teaching all team
members the science processes that informed the art,
allowing for greater discourse between collaborators
on design elements and the ability to brainstorm
techniques for animating some of the complex biol-
ogy. Unanimously, participants agreed that the voice
of the artist was respected through the collaborative
process.

Institutional support was critical to the creative
and financial aspects of the project. Harrower credits
Parker who advocated for outreach as and arts re-
search as an academically important complement to
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her ecology research. Parker provided critical feed-
back on different elements of the work and access to
resources, funding, connection to collaborators and
space. The design team from iSWOOP, where
Harrower works as artists-in-resident as well as a
featured scientist, also contributed feedback and fi-
nancial support to the project. These many different
support structures gave the project academic validity
and resources.

Gathering audience feedback was pivotal in guid-
ing our final editing process. Further, the feedback
that the animation was enjoyable and enhanced
when paired with a scientist’s talk has shaped how
we think about disseminating the film. We intend to
create a recorded talk as an alternative to an in-
person presentation.

Project: Hey |Tree

Hey JTree is an ongoing participatory art research
project using social media, and an on-line dating site
for meeting Joshua trees (Fig. 1). The goal of Hey
JTree is to actively enhance interaction between re-
search, visitors to the park, and on-line audiences
with collected data from individual trees using text,
photographs, art, and short video clips of charis-
matic Joshua trees set to music. Social media takes
the notion of adopting a tree or an animal to a
whole new level. Rather than being assigned a tree
or adopting a generic wolf, the concept of online-
dating enables people to emotionally adopt a specific
Joshua tree that lives in JTNP. The need to counter-
act irresponsible social media posting by visitors is
vast and urgent. Visitors show violations of rules that
are intended to promote conservation. Images such
as drone usage, feeding/touching animals, rock or
tree graffiti, and climbing Joshua trees have been
described by park staff as one of the most difficult
challenges they currently face as managers (personal
communication).

This project was envisioned by Harrower, who
advertised through social media artistic networks
and selected 53 visual artists, musicians, and writers
to collaborate. This is the first cohort of citizen
artists, by which we mean those who express ideas
through the arts to achieve societal change, but who
are not by training or vocation professional artists.
But in time elementary students and others will take
a turn at contributing art to this project. As citizen
artists, they will create poems, prints, and record
songs specific to their chosen Joshua tree.

A project website (www.heyjtree.com) details the
ecological tree information for each individual,
shows on a map where each tree lives, art, and music
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created for each tree, and includes a dating style
profile (similar to on-line dating sites) written by
professional writers. Collected data include details
on tree height and branch number, to link with
the moth and fungal data collected by Harrower
from her research sites in JTNP. Each tree’s location
is given in latitude and longitude, but also recorded
as a “scavenger hunt” and given in miles to drive
and number of steps from identifiable locations in
the park. The public can also participate as “citizen
artists” by submitting “love letters,” poetry, music,
or art to their tree, which will be uploaded to the
project site generating a collective shared love and
experience for individual trees.

Lessons learned

The collaborative process was predominantly re-
searcher driven, but benefited from space made to
discuss possibilities and to let the project evolve with
collaborators. Harrower hosted an art—science event
at SymbioStudio where she gave a research talk and
invited all collaborators to meet each other, learn
about the research, and to brainstorm ideas. At
this event, new ideas were born, that included: work-
ing with students through a creative writing class at
UCSC to build additional tree correspondences,
choosing a tree to promote that is on an educational
tour led by JTNP interpretive rangers so they can
describe and promote the project to the public,
and other ideas for future art show displays that
highlight the art, music, education, and tree ecology.

Citizen artists met with Harrower in her field sites
and were trained to collect data for the trees, includ-
ing height, branch numbers, location, photos, and
video. This information was passed to the writers
who then developed a character description for
each tree. Writers were given almost complete free-
dom to create this work, as long as the writing was
family friendly. Musicians each chose a tree, and
were given complete freedom to create music for a
1-min tree video for their tree.

The visual artists’ work, however, was more con-
strained. During the group meeting session at
SymbioStudio, collaborators decided that a united
image would be the most powerful for a future ex-
hibition setting, and that all visual artists would cre-
ate carvings of their chosen tree from tree silhouettes
that were sized in relation to each other. A similarity
in style allows the prints to be exhibited next to each
other with a unified aesthetic, and maximizes the
viewers’ ability to distinguish differences in size,
form, and branch number between the different
trees. We felt this was an important aesthetic choice.

109

Impact

The art making process connects people to the en-
vironment in a powerful and emotional way.
Through an anonymous closed-ended survey admin-
istered by Harrower at the end of the event, and
online to other participants, all collaborators
(n=51) strongly agreed that the art making process
was more important for building emotional attach-
ment to the science, than the importance of creating
a finished artwork. Ninety percent of collaborators
felt an enhanced emotional connection and personal
responsibility to the issue of biodiversity loss than
they had before working on this project. Eighty-
two percent of collaborators reported that participa-
tion in this art-science project had inspired them to
reconsider ways that their behavior negatively im-
pacted the environment, and to make modifications.
All participants surveyed felt that an in-depth science
description, given both in written form and as a
verbal talk, was very important to enhancing their
understanding about the system, leading to an en-
hanced ability to make art. All participants agreed
that participation in this art—science project provided
them with a deeper understanding and appreciation
for current issues surrounding biodiversity loss and
climate change, as well as appreciation for the sci-
ence process.

Cascading impacts

This project will continue to grow. As of April, 2018,
the social media site is not yet open to public inter-
action, but once in place, viewers will be able to post
directly to tree profiles by submitting letters and art.
We will show the art in conjunction with science
talks, a printmaking workshop at the JTNP visitors
center art gallery, at art galleries, and museum exhi-
bitions. In March 2019, as part of the art residency,
we will be working with elementary school students
to collect data on the trees. Participating students
will create their own Joshua tree art and writings.
This work has already inspired a ranger at Indiana
Dunes National Lakeshore to begin plans for a local
tree-dating project.

Discussion

Scientists who seek to have broader impacts, to in-
fluence the public’s engagement and behavior can
benefit from collaborations with artists whose crea-
tive expressions reach audiences, often evoking an
emotional response. Emotions are increasingly cred-
ited with playing a central role in the decisions we
make and the information we take in (Jacobson et al.
2007). In Harrower’s case studies, we found that art
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has the potential to evoke a strong emotional re-
sponse that could inspire new behaviors. As these
projects are recent and ongoing, we have yet to fol-
low up with respondents to gather evidence of long-
term changes in beliefs or behavior. If the art making
experience effects a strong emotional connection, it
could potentially influence a person’s values and
habits (Matarasso 1997; Jackson 2005; Curtis 2017).

Successful collaborations require strategies that
enable us to connect with collaborators, collaborate
successfully, and create meaningful science inspired
art works that connect with the intended audience
(Nielsen-Pincus et al. 2007; Glinkowski and Bamford
2009). Harrower has tapped into opportunities for
collaboration that are widely available to grad stu-
dents or professors associated with a university: col-
laborations with art faculty, leveraging video, and
social media to promote broad exposure.
Interdisciplinary collaborations have shaped her out-
reach efforts, and the message about Joshua tree de-
cline and species loss has taken a different form in
each project. With artists’ input, each of these inter-
disciplinary projects has given the research and topic
of species loss a visual form, reaching new audiences.
Interdisciplinary collaborations are recognized as an
important approach to address complex environ-
mental problems (Daily and Ehrlich 1999; Newbold
et al. 2015; Frodeman et al. 2017). How those inter-
disciplinary partnerships are nurtured affects the
product and the experience for collaborators—is
the project ultimately rewarding, inspiring, or drain-
ing or even worse, embarrassing? Art—science collab-
orations have to wrestle with articulating an
appropriate level of autonomy to artists and main-
taining scientist’s engagement. Extrapolating from
the projects Harrower has initiated and co-led, a
variety of strategies can set a project on a path to
positive cascading impacts, such as treating artists as
a primary audience; seeking input from public audi-
ences; structuring public events that offer a combi-
nation of science talks and art experiences; working
with a theme such as species loss as well as specifics
of a scientific investigation. Cascading impacts can
be achieved when a scientist integrates multiple
dimensions of their identity into their professional
life (Risien and Storksdieck 2018).

The cases described above illustrate how vital it
is to treat artist collaborators as a primary audience
for increasing knowledge, not as a necessary step-
pingstone to the true target audience. Time spent
for knowledge sharing between disciplines is impor-
tant, as a basis for building mutual respect, a sense
of joint ownership, generating empathy and interde-
pendence (Steinheider and Legrady 2004; deLahunta
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2006; Glinkowski and Bamford 2009; Curtis et al.
2014). Harrower’s strategic moves of involving the
artists in shaping the message and elevating that
message from specific details about her study to
larger social implications have allowed her artist col-
laborators autonomy of task, team, time, and tech-
nique within the parameters of rigorous science and
agreed upon aesthetics. This approach sets the stage
for greater buy-in and high levels of intrinsic moti-
vation according to research (Glinkowski and
Bamford 2009; Pink 2011; Curtis et al. 2014).

Harrower and her collaborators found that utiliz-
ing conceptual models and focal themes to highlight
the science issues served as an important communi-
cation device for teams to break down language bar-
riers and frame complex interdisciplinary problems.
Identifying language commonalities, metaphors, and
drawing diagrams to communicate the vision greatly
facilitated the process. This agrees with other work
that found conceptual models to be a valuable tool
for bypassing jargon and sharing knowledge between
disciplines (Heemskerk et al. 2003; Frodeman et al.
2017).

In Seeking Symbiosis, Joshua tree love story, and
Hey Jtree, Harrower found that collaborators
reported valuing the opportunity to understand the
science deeply. Unanimously, all recruited completed
the projects and demonstrated a high level of invest-
ment, were personally moved to examine habits, and
reported high levels of interest in further art—science
collaborations. Survey data from Harrower’s projects
support findings from other studies describing the
outcomes of successful art—science collaborations in
which time invested in the artists education about
the science research both enhances the artistic out-
come and feeling of mutual respect for different re-
search methodologies (Glinkowski and Bamford
2009; Miller 2014).

Across Harrower’s work, all collaborators
reported an enhanced connection to the science
process and an increase in their emotional response
to species loss that was gained through the art
making process. Rather than rotely fulfilling an ob-
ligation, they became conversant in symbiotic rela-
tionships, mycorrhizal fungal networks, and aspects
of phenology. This finding agrees with other work
that has demonstrated group art making experien-
ces have the potential to alter people’s attitudes and
beliefs (Jackson 2005; Glinkowski and Bamford
2009; Ballengée 2015). The process of research, cre-
ation, and self-reflection inherent to the art making
process can assist with knowledge and identity
building (Harrison and Harrison 1993; Curtis
2017).


Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: -
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: has 
Deleted Text: , 
Deleted Text: , 
Deleted Text: ,
Deleted Text: , 
Deleted Text: -
Deleted Text: -
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 

Exploring opportunities with art—science

Seeking input from public audiences through sur-
veys and focus group discussion, Harrower keyed in
to the value of pairing her science talks with artistic
media. Audience feedback is an often overlooked
component during the art making process
(Glinkowski and Bamford 2009), but to maximize
emotional impact, we found it useful. Audience feed-
back on a version of the animated film helped the
team clarify central ideas/concepts. Scientists who
have an interest in outreach and advocacy could
benefit from asking an audience for feedback on a
talk or art—science collaboration. To best prepare and
develop materials for a diverse public, researchers
could take special note on questions and comments
to better understand audience’s prior knowledge and
areas of interest.

We found that the emotional impact of the art
making process (across all three case studies) and
the art viewing process (Joshua tree love story) was
strongest when paired with a science talk. This find-
ing aligns with the theory of using multiple modal-
ities to influence knowledge acquisition, which could
lead to personal changes in attitudes and beliefs
(Jackson 2005). Pairing a science talk and art will
be part of our way of working in the future. We
can use audience feedback to determine what the
advantages and disadvantages are to leading with
the art experience or the science talk, as well as to
determine how the audience responds if the talk is
given by a participating artist or the scientist. This
fusion may be a new take on science cafes, a format
that opens up new venues for discussion about sci-
ence and society.

As a final note, Harrower’s impulse to initiate
outreach projects early on in a study is somewhat
unconventional. While scientists might wonder
about the value of talking about their research before
results are in, Harrower has found that the outreach
and research efforts nourish each other. Securing
funding and accessing residencies all lend credibility
and support to both the research and outreach
efforts.

Harrower will continue to investigate Joshua tree
ecology at her research sites, assess the impact on
stewardship and perceptions of beauty, urgency, as
well as understanding of species interactions among
her target audiences—those who are involved as cit-
izen artists, professional artist collaborators, or pub-
lic audiences in park settings and beyond. With
partners from informal education, Harrower will ex-
plore how artists who have a high level of science
understanding function might participate, lead, or
facilitate in-person presentations paired with art
exhibits or film screenings or citizen art workshops.
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As evidenced by our current environmental state,
we cannot assume resilience of species and their hab-
itats. To secure a sustainable future we need to de-
velop collaborative interdisciplinary approaches that
engage the public and motivate people to protect our
resources. The potential for social change through
art/science goes far beyond translating science for
public consumption. By forming intentional art/sci-
ence collaborations like the ones described above,
scientific researchers have the potential to turn in-
formation into inspiration for further learning and
action to support species conservation and sustain-
able approaches to life on our planet.
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Synopsis With the acceleration and increasing complexity of macro-scale problems such as climate change, the need for
scientists to ensure that their work is understood has become urgent. As citizens and recipients of public funds for
research, scientists have an obligation to communicate their findings in ways many people can understand. However,
developing translations that are broadly accessible without being “dumbed down” can be challenging. Fortunately, tenets
of visual literacy, combined with narrative methods, can help to convey scientific knowledge with fidelity, while sus-
taining viewers’ interest. Here we outline strategies for such translating, with an emphasis on visual approaches. Among
the examples is an innovative, National Science Foundation-funded professional development initiative in which
National Park rangers use scientists’ imagery to create compelling explanations for the visiting public. Thoughtful
visualizations based on interpretive images, motion pictures, 3D animations and augmented, immersive experiences
complement the impact of the natural resource and enhance the role of the park ranger. The visualizations become
scaffolds for participatory exchanges in which the ranger transcends the traditional roles of information-holder and
presenter, to facilitate provocative conversations that provide members of the public with enjoyable experiences and well-
founded bases for reflection and ultimately understanding. The process of generating the supporting visualizations
benefits from partnerships with design professionals, who develop opportunities for engaging the public by translating
important scientific findings and messages in compelling and memorable ways.

Introduction the visual material scientists collect and produce may

Scientists are not strangers to the power of visuals to
communicate, illustrate, and further their own think-
ing. One can trace this theme across time and place,
from Galileo and Darwin to Einstein and Feynman
(Feynman 1995; Laiser 2005; Tufte 2006). Scientists’
visual material has the potential to foster the public’s
scientific literacy, especially when intermediaries like
park rangers and museum educators incorporate
such material into a larger narrative or inquiry-
based experience. Live interpretation can generate
interest, increase understanding, and be a catalyst
for conversations about scientific process as well as
the relevance of research (Marino and Koke 2003).
All visuals are not equally suitable for the purpose of
increasing scientific literacy, however. For example,
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be immediately eye-catching and appealing or not.
In this paper, we describe the characteristics of visual
material that in the hands of a skilled presenter can
accomplish one of three goals: captivate interest; en-
hance the public’s understanding of a breathtaking
resource by illustrating hard-to-grasp concepts; and
spark conversations about the value or relevance of
scientific research. To do this, we discuss design
principles and their application in several parks par-
ticipating in the project, Interpreters and Scientists
Working on our Parks (iSWOOP, National Science
Foundation [NSF] DRL-1514776). iSWOOP makes
park-based research an interactive part of the visitor
experience at national park sites through the use of
imagery generated by scientists conducting on-site
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research. This approach relies on and extends the
visual literacy, as well as the scientific literacy, of
all partners.

Background and definitions

“Imagery,” “scientific illustration,” “visualizations,”
“representations”: these terms have proliferated, but
they leave us with an imprecise vocabulary both for
referring generically to 2D visual material and for
distinguishing among different types of such imagery.
Rooted in the history and tradition of data science,
the word “visualization” evokes displays of large,
complex data sets, collected with expensive instru-
mentation through multi-year efforts with contribu-
tions from expert scientists, analysts, programmers,
and designers—whereas “image” has the connotation
of immediacy or direct translation from 3D to 2D, as
with photography. However, the prevalence of photos
in our culture and the ease with which anyone can
generate these images obscure the effort that can go
into composing and editing photos. Such ambiguities
complicate provision of guidance for scientists striv-
ing to communicate their work to the general public
through reliance on visual modalities.

By the terms noted here, we collectively reference
the variety of visual representations scientists use to
document phenomena, represent meaningful obser-
vations or trends, and model how things work. By
“images,” we mean to encompass a variety of visual
material that could be compiled in a visual library, a
trove of visual resources for educational use.
Photographs arranged to suggest a comparison, ani-
mations to show a sequence unfolding in time, or
data visualizations to assist understanding of com-
plex cause-and-effect relationships are all visual ma-
terial that park rangers and docents can draw upon
in their work with the public. In this article, we want
to be inclusive and suggest that intermediaries in
partnerships with scientists consider all manner of
visual material, including photographs, maps layered
with text or other augmentations, illustrations, info-
graphics, time-based representations like slide pre-
sentations and video, three- and four-dimensional
representations, and n-dimensional experiences like
simulations and mixed-reality environments.

Visual literacy spans a variety of fields, including
art and politics as well as science. Most definitions
focus on the ability to make meaning from signs and
symbols. The term “visual literacy” was first coined
in 1969 by John Debes, a prominent member of the
International Visual Literacy Association (IVLA).

Visual Literacy refers to a group of vision-
competencies a human being can develop by

N. Hristov et al.

seeing and at the same time having and integrating
other sensory experiences.... When developed,
they enable a visually literate person to discrimi-
nate and interpret the visible actions, objects,
symbols, natural or man-made, that he encounters
in his environment. Through the creative use of
these competencies, he is able to communicate
with others.
IVLA.org and Univ. of Maryland. http://www.hu-
manities.umd.edu/vislit/basics.php.

This definition is particularly useful because it
acknowledges input from sensory experiences beyond
the visual. Including sound and tactile input makes
sense for educators working in natural settings.

A more recent definition proposed by those active
in the field emphasizes purposeful applications for
visual literacy. The visually literate advance thinking
and decision-making (North Central Region
Education Lab and the Metiri Group 2003) and are
“competent contributor(s) to a body of shared
knowledge and culture” (Association of College and
Research Librarians, ACRL, 2011). Definitions of and
standards for visual literacy are increasingly expan-
sive, including understanding ethical and legal issues
associated with visual material (ACRL, 2011).

Secondary and higher-educated students are not
necessarily prepared to express themselves visually,
make effective arguments with visuals, and coordi-
nate visuals with other information (Green 2006).
Educational researchers have found that some stu-
dents tend to exhibit less comfort and skill with ob-
serving, interpreting, and  discussing  visual
information than they do with textual information,
and do so with less specificity (Hattwig et al. 2013).
Clearly one cannot take visual literacy for granted.
Media experts note that both the content and the
composition of an image influence meaning-
making; different individuals will read the same im-
age in different ways depending on their knowledge,
skill, experience, beliefs, and values; and the
“constructedness” of all media messages is not nec-
essarily obvious to all audiences (Jarman et al. 2012).
Media experts recommended not glossing over basic
ideas, such as: (1) photographs are not simply
“records of reality”; at both capture and editing stage,
they are manipulated; (2) graphs may oversimplify
relationships and imply certainty; and (3) invisible
objects or phenomena may be “lent” the optical
properties of familiar objects (Jarman et al. 2012).

Visualization spectrum

In recent years, data have become increasingly easy
to access through widespread devices such as pocket-
sized cameras and cell phones. In tandem, an
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increasingly large and wide array of visual expres-
sions heightens demand for viewers’ time and atten-
tion in a busy visual world. In our work with the
iSWOOP initiative, we recognize that visualizations
are becoming increasingly demystified and accessible
visual expressions previously reserved for the
domains of experts. We contend, further, that in-
tensely informative visual constructs can be created
across a range of image types (Fig. 1): visual expres-
sions may include photographs, images layered with
text or other augmentations, illustrations, info-
graphics, time-based representations, such as slide
presentations and video, three- and four-
dimensional representations, and #n-dimensional
experiences like simulations and mixed-reality envi-
ronments. Discerning the appropriate expressive ve-
hicle for a given communication need is part of the
design process.

Further defining this spectrum of visualization
types are dimensions such as: data density and com-
plexity; development effort, acknowledging the often
multi-phased workflows and handoffs needed in re-
alizing captured data as a visual image; and less com-
monly shared concepts such as audience benefit and
presumed visual literacy. Other dimensions are not
yet represented in this spectrum, such as the fine-
grained attributes of range of quality in artistic
rendition and degree of interpretation vs. exact em-
pirical representation. Nevertheless, the spectrum as
currently articulated may aid decision-making about
which visualization type to choose for a particular
application. Communicators should carefully con-
sider pros and cons of the overall development ef-
fort, accuracy and richness of content representation,
and audience experience and benefit. When visual-
izations are candidates for revision or for scaffolding,
design partners are invaluable. Their skillful eye and

understanding of synthesis can help marry the pur-
pose and the presentation.

Visual augmentation in park settings

Museums, parks, science centers, and aquarium fa-
cilities share attributes such as intergenerational
audiences of choice and learning opportunities with-
out traditional accountability measures. Exhibits and
live interpretation are on offer. But among informal
learning institutions, there are differences as well.
Park visitors might stay for days, taking advantage
of multiple opportunities for ranger-led science
learning experiences. Recreational activities like kay-
aking and rock-climbing on protected lands offer
opportunities that both enhance and distract from
STEM learning. The public’s attention span varies
widely and, especially in parks, the duration and lo-
cation for interpreters’ use of a visual library with
material contributed by scientists must factor into
design decisions. Parks are an opportunity to get
away from screens, yet digital imagery has the po-
tential to reveal non-visible aspects of a place and
arouse visitors’ curiosity (Zimmerman and Land
2014). Well-chosen images can illustrate concepts
particular to scientific disciplines, amplify visitors’
observations, and encourage deliberate comparisons
of natural structures or conditions (Zimmerman and
Land 2014). Images that reveal something unusual
about the park resource can engage visitors, causing
them to stay with an interpretive interaction longer
(Metros 2008; MacArthur 2014; Merson et al. 2016).

Related to live interpretation, we have adopted an
approach we call visual augmentation (ViA). ViA is a
design style that deliberately accommodates a range
of visual formats, leaves space for audience involve-
ment, and is adaptable for rangers to shape story
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lines and guide interpretive conversations. ViA
stands in contrast to modalities such as the science
poster, concept map, or traditional infographic,
which provide all the necessary information and
notations for the viewer to interpret the content
without a presenter. ViA material purposefully leaves
room for a presenter, a facilitator, or interpreter to
steer the conversation and cultivate a meaningful
learning experience in response to conditions of a
given moment. The goal of ViA is not solely to in-
form, but rather to engage. Such material does not
contain all information needed for interpretation;
instead, it provides a visual point of departure and
relies on the facilitator or storyteller to craft a story
or learning experience that is further enriched by
visitors’ questions, past experiences, and reactions.
That is not to suggest that ViA content is incom-
plete; rather, it is deliberately minimal.

Ambiguous images may have the effect of enticing
visitors to wonder or ask for more information.
Constructivist math educators explain how images
with only simple labels or without summary state-
ments can engage a viewer so as to support the self-
construction of meaning. Presenting graphs as
composite images that successively augment the
positions of charted data can also promote learning
(Nemirovsky and Noble 1997). Sensitive treatment of
graphs is especially important, given the general use-
fulness of this visual device in representing scientific
information and the finding that a learner ascribing
meaning to data depicted in a graph is taking a cru-
cial first step toward finding relevance in the phe-
nomenon being represented (Russell and Corwin
1989). The versatility of data visualizations makes
them a powerful component of a visual storyteller’s
repertoire: visualizations can express a disturbing or
hopeful trend; they can function as the entire mes-
sage or the moral of a story, as punch line or wake-
up call (Ham 1992, 21).

Below we describe in more detail the design prin-
ciples that characterize ViA material, its development
and use, bridging theory, and practice.

Design principles

Designing visual material for most scientists is an
exercise in communicating with peers through post-
ers or PowerPoint presentations, rather than prod-
ucts for public audiences. In our own efforts to
navigate this space, we had a number of epiphanies
and realized in successive revisions that:

(1) Juxtaposed images or video clips were more
helpful for inviting observations than a single
image.
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(2) A complicated graph might be a turn-off, but
with a sequence that moved from a simplified to
complex version (scaffolding) and a story about
collecting the data, presenters could use a graph
as the centerpiece of a conversation with a park
visitor and propel the dialog toward seeing pat-
terns and making predictions.

(3) Images of the life stages of a charismatic species
could evoke questions that would lead to discus-
sing research challenges and the inevitable revi-
sions and refinements that are part of scientific
process.

In conversing with scientists beyond our project
group, we realized that we needed a language for the
ViA style. We needed to articulate principles to guide
composing visual material, for a public audience in a
setting that promotes informal learning. Without
these principles, it was easy to default to the most
familiar formats and conventions. For example,
PowerPoint slides are often a photo next to bulleted
text. Graphs for scientific publications tend to have
unfamiliar unit labels and display multiple kinds of
data, such that they are most accessible to peers im-
mersed in similar work. Illustrations of science con-
cepts often have a cartoon-like style with labels and
arrows. We rejected this style as it evokes associa-
tions with school, inappropriate to the free-choice,
out-of-school learning environment. Instead, we bor-
row and build upon influences from fields of design.

To help guide the development and use of visually
represented content, we urge partnerships with
designers. To facilitate communication among
cross-disciplinary partners, we identify six design
principles. Lists of foundational design principles
abound. Clearly there is a craft to learn and though
fundamental principles are helpful, they are like
mere grammar pointers, which do not necessarily
result in persuasive writing. We recognize and read-
ily admit that our ViA principles are not fundamen-
tally new formulations; instead, they are a
compilation and extensions of existing good-
practices and expert-recommendations from the
fields of graphic design, marketing, data visualiza-
tion, and statistical science (Wong 1972, 1977,
1993; Dondis 1973; Tufte 1990, 1997, 2001, 2003,
2006; Doumont 2002, 2005; Duarte 2008; Gross
and Harmon 2009). Our contribution is in distilling
the adages most applicable to science translation and
supplying examples from a science-based, informal
STEM learning project on protected lands. We in-
clude recommendations for future use of these prin-
ciples, specific to science communication in the ViA
style.  ViA visualizations tend to be cinematic,
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Fig. 2 Stages in the wingbeat cycle of a flying Brazilian free-tailed bat derived from high-speed videography and showing details of the

movement not discernible with a naked eye.

minimally labeled, design-informed, narrative-driven,
multi-modal, visually impactful, and thought-
provoking. In the spirit of Edward Tufte’s critique
(2003), bullet points are taboo. Labels, legends, and
references are carefully considered based on the
intended use and particulars of the visitor experience.

The iISWOOP project—a case study for visual
communication

Examples from a science-based informal learning
project on protected lands emerged from a collabo-
ration among wildlife biologists, park-permitted sci-
entists, park rangers, informal education researchers,
and designers. The National Science Foundation-
funded model for innovative professional develop-
ment of interpretive park rangers at America’s
national parks, Interpreters and Scientists Working
on Our Parks (iISWOOP), has been the impetus for
convening an interdisciplinary team. NSF, iSWOOP,
its park, and scientist partners all recognize that for
millions of visitors the many park-based and park-
relevant science projects are invisible—happening be-
hind the scenes, away from the public eye—
constituting a missed opportunity to showcase scien-
tific research. (The professional development model
is described elsewhere in this volume by Allen et al.
2018.)

To bring these stories and experiences to the pub-
lic eye, mixed-media artists, illustrators, graphic
designers, 3D animators, film editors, data analysts,
and computer programmers work in close consulta-
tion with educators and featured scientists to craft
libraries of visual material (visualizations) that feed
memorable visual stories and learning experiences.
iSWOOP’s Visualization Team relies on feedback
from park rangers and advice from informal educa-
tors. Rangers make sure that visualizations augment
rather than conflict with the awe-inspiring experi-
ence of the natural resource. All contribute to the
iterative process of crafting stories through which
members of the visiting public further their

understanding of science. (Benefits for scientists are
described elsewhere in this volume by Allen et al.
2018.)

Equipped with excellent storytelling skills, inter-
pretive park rangers are ideal ambassadors for the
science messages that often get left out of the public
discourse. In park rangers’ hands at iconic, culturally
or naturally significant locations, rangers are con-
duits for science, conveying how we know what we
know; stories and experiences behind the science; the
layered process of discovery, checkered with
moments of successes and often of failure; the im-
portance of questioning and revising; and ultimately
relevance to people of diverse backgrounds and
broad interests (Merson et al. 2018).

The iISWOOP project dovetails well with park
rangers’ mission to nurture emotional and intellec-
tual connections between the visitors and the cul-
tural and natural resources (Ham 1992).

Example 1 (Fig. 2): Instead of answering directly a
visitor’s question about how bats fly, an interpreter
at Carlsbad Caverns (CAVE) National Park shows a
slow-motion video of a flying Mexican free-tailed
bat. Visitors are invited to observe details of the
movement not seen with the naked eye, ponder
how the images were taken, and speculate about
the mechanism of the flying creature, as the ranger
carefully facilitates the conversation.

Example 2: A park ranger shares thermal video of
the bat roost, with no access for the public and
highly limited access for staff. The videos provided
by permitted researchers serve as a catalyst for in-
sightful conversations about the motivating ques-
tions, data recording and rendering techniques, and
challenges of the research program.

Through the expansion of such methods at five
National Parks across the United States, thousands
of park visitors are now learning first-hand about
on-site science. At CAVE, they see cutting-edge re-
search with thermography of bats and laser scanning
to enable surveying the cave and mapping its
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morphology; at Acadia (ACAD), visitors consider
changes in landscape and succession of plant com-
munities since the last glacial maximum; at Indiana
Dunes (INDU), visitors ponder wetland ecology; at
Joshua Tree (JOTR), they learn about botany; and at
Jean Lafitte (JELA), visitors consider the migratory
biology of the Prothonotary Warbler (or swamp ca-
nary). Visitors engage in conversations and share in
visual experiences that deepen the impact of park
visits and create reasons for long-term connection
with the natural resources (Merson et al. 2017).
This essence of the iSWOOP model is both scal-
able and adaptable to the range of science found at
varied sites of public engagement. Here we share
some of what we have learned through iSWOOP,
hoping that our pursuits will prove useful to
SICB’s scientific community. We also aim beyond
this immediate audience, recognizing that many sim-
ilar partnerships are needed to effect broad under-
standing of science in contemporary culture.

Applying the design principles

As mentioned above, ViA Design Principles are a
compilation of existing good-practices and expert-
recommendations from the fields of graphic design
(including print and web), marketing, data visualiza-
tion, and statistical science (Wong 1972, 1977, 1993;
Dondis 1973; Tufte 1990, 1997, 2001, 2003, 2006;
Duarte 2008). Our contribution is in distilling these
adages into a style-set, with examples from practice
and recommendations for future use specific to sci-
ence communication in the ViA style.

Design principle 1—narrative
Foremost in the development of ViA material is the
presence of a narrative core around which visualiza-
tions and their interpretations are built. The poten-
tial for a narrative anchors the overall approach to
communicate the scientific content and to establish
an intellectual as well as an emotional connection
with the audience. By invoking narrative as a design
principle, we accept the arc of the novel, drama, or
short story as a template for organizing information.
A narrative includes: setting, characters, conflict,
events building to a climax, and a conclusion. In
other cultures, stories of origin, fables, and teaching
tales culminate in a moral. Archetypal conflicts are
centuries-old formats for relaying events that happen
to a featured character—either unexpected connec-
tions, a struggle between good and evil, or an unan-
ticipated break-through, which lead to events with
broader implications.

A growing and increasingly accepted body of work
indicates that audiences find narrative-based science
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communication easier to understand and more en-
gaging than logic-based  science  messages.
Furthermore, narrative processing is more efficient
and associated with increased recall, ease of compre-
hension, and shorter reading times (Schank and
Abelson 1995; Zabrucky and Moore 1999). This cat-
egorical distinction may stem from the apparently
special status of narrative structures in human cog-
nition (Graesser and Ottati 1995). It is also well
established that narratives are inherently persuasive
and, because they communicate content from the
perspective of a particular experience rather than
logic-deduced truths, they have no need to justify
the accuracy of their claims and thus can perpetuate
misinformation (Dahlstrom 2014). Nevertheless, a
strong narrative structure gives rise to a vivid, mem-
orable experience. Details packaged in a story can
easily be summoned and retold and, because of the
empathy that they cultivate, stories with strong nar-
rative structures can become prominent in individu-
als’ relational repertoires (Zimmer 2018). The
consensus in the field of narrative research is that
such an approach to science communication for
non-expert audiences is a potent and promising
tool when applied sensibly and ethically
(Nathanson 2006). The importance of narrative
structure in conveying scientific information to di-
verse, non-expert audiences has been popularized by
Randy Olson (2009, 2015).

iSWOOP visual materials are compiled in a Visual
Library, available to rangers who create their own
programs and sequences. There is no single script
or story. Because the interpreters flexibly include au-
dience members in the telling of any given story,
iISWOOP guards against the largest of narrative pit-
falls—the propagation of a single point of view
(Adichie 2009). iSWOOP, through ViA, inherently
invites plurality.

Consider the following example from a park
ranger program at INDU National Lakeshore
(Fig. 3): In discussing wetlands as a diverse, under-
appreciated and threatened resource, park rangers at
INDU point out that the Grand Kankakee Marsh,
once called the Everglades of the North, covered
more than a million acres across north Indiana
and parts of Illinois as recently as the mid-19th cen-
tury. By the 1950s, more than 95% of the area of
that wetland complex was lost due to draining, ag-
riculture, and development, with profound effect on
the hydrology, ecosystems, biodiversity, and econ-
omy of the region. The ranger could easily cite the
statistic and move on. Instead, s/he sets a narrative
in motion. She asks participants to imagine their
dream house. They shout out its attributes: a
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Fig. 3 Narrative approaches give a personal context and point of reflection for public audiences when presented with the history of
the Grand Kankakee Marsh (A), once a mighty wetland complex that has been reduced to less than 5% of its original size ((B,C) see

text for details).

fireplace, a large kitchen, a swimming pool. She
pauses and tells participants that she is taking away
their favorite parts. The ranger displays a digital
composition showing the layout of a 2000 square-
foot house plan on a tablet. In a series of steps, the
ranger then omits sections of the floor plan until the
same 95% of the original floorplan is gone, leaving
only critically selected sections like the bathroom
and kitchen pantry. The sense of loss is palpable.
The ranger reminds participants of the extent of
the Big Marsh—once home to many species—and
without saying much more, the participants relate,
feeling the impact of the loss of the Grand Kankakee
Marsh as a living space.

Design principle 2—functional minimalism

While the first design principle, Narrative, relates to
ViA’s commitment to live interpretation, functional
minimalism exerts a prominent influence on its vi-
sual style. The goal is to distill the visual composi-
tion to include the most important visual elements.
We strive to design minimal, “clean” visual trans-
lations that prompt curiosity and facilitate thought-
ful conversations, creating space for guided
interpretation or the viewer’s own discovery and
construction of meaning. Thus, if a visual element
is used, then it has a purpose and meaning (e.g., if
there are red and blue elements in the composition,
then we assume that color has a meaning).
Decorative use of color or line is not advisable be-
cause such additions risk distraction, at best, and
misinterpretation, at worst (Wong 1993; Tufte
2006; Duarte 2008; Fig. 4).

The introduction of any elements and stylistic
treatments should serve a purpose in the composition.
For example, if two images, graphs, or other visual
features are presented simultaneously in the same
composition, then we infer that the viewer should
engage in side-by-side comparison. Understanding

through comparing and contrasting the material jus-
tifies the simultaneous presentation. Otherwise, these
elements should be presented sequentially and the
viewer should be invited to follow the narrative in
developing a progressively increasing understanding
of the topic.

Design principle 3—compositional prominence and
impact

ViA authors place elements in a spatial arrangement
and hierarchical organization to correspond to their
role in the visual narrative. This design principle
reinforces the notion that size and spacing in visual
composition matter (Dondis 1973). In the case of
photographs or videos, important compositional ele-
ments should occupy a large portion of the entire
canvas. Image elements should include sufficient res-
olution and detail to allow observations, interpreta-
tions, and reflection. Too often, driven by generic
software templates, visual compositions include
many images and visual elements clustered in the
same frame. While functional minimalism dictates
that such treatments should be avoided, here we fur-
ther suggest that visual authors should strive for hi-
erarchical organization, giving important elements
larger portions of the canvas. Secondary and associ-
ated relationships with other elements should be
communicated via relative size, scale, placement,
and proximity. Multiple elements should be “spread
over” several frames into a logical sequence (see next
section). Similar attention should be given to the
presentation environment as well. Too often, months
if not years of data collection, analysis and design
work are compromised by the size of the presenta-
tion screen, the poster guidelines, or the resolution
of a handheld digital tablet. Without testing on the
actual display device that will deliver the content to
the public, carefully composed visuals end up as con-
tent that is difficult to understand.
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Toad vs. B

Fig. 4 Minimally designed visualization that compares a toad and a frog by inviting the audience to discover on their own the
characteristics of each species (A). (B) offers a different approach (see text for details).

Design principle 4—flow, sequence, and continuity
Compositional flow

Flow is about movement and direction, leading the
eye from one part of a composition to another
according to the author’s intentions. Even static
compositions can impart a visual flow—it is created
through a combination of the placement of visual
elements and their corresponding weight and visual
direction. Elements of greater visual weight serve as
focal points, pulling the eye and defining resting
places. Other elements impart direction, moving
the eye from one point to another through such
overtly visual cues as arrows and lines, or more sub-
tly through echoes of color or shape. The result is an
intuitive movement through the composition, the
eye, and mind working in concert to process the
presented information quickly and efficiently.
Through such considerate composition, the viewer
can process dense information quickly and be ready
for the next piece of information without missing
important points or becoming fatigued or distracted.
Such ideas are well established in marketing, web
design, and compositional presentation formats. To
date, however, the use of such techniques by the
scientific community is limited—particularly outside
of the mainstream media and publication domains,
where communicating scientific content could be
most impactful (Dondis 1973; Wong 1993; Tufte
2006).

Sequencing

Beyond flow within a static composition, when a
ViA narrative calls for representation in the time
domain (as through a slide presentation, animation,
film, or video), the appearance of one image after
another dictates how to construct and present the
information. As Design Principle 2 applies
Functional Minimalism in simplicity and efficiency
to the design of compositional space, Sequencing
does the same with regard to time. Good sequencing
suggests a visual logic in place or time. The visual
treatment paces the presentation of information,

extending the story’s potential from a single compo-
sition in space to a progression that plays out over
time. Attention to narrative detail continues to be
vitally important. Film editors compose a story
with one or more acts, each of which includes several
sequences. Each sequence is divided into one or
more scenes. Scenes, in turn, are built out of indi-
vidual shots (Gulino 2003). Similarly, in developing
time-based ViA content, the point is not simply to
assemble pieces mechanically into a logical sequence,
but to consider visual elements and compositions
that inform, engage, and invite dialog about a study’s
conclusions and possible future scenarios. The story-
teller, either park ranger or facilitator, can tell a co-
herent story or add a distinct perspective, and the
ranger can establish a rhythm or tempo to the con-
versation. In film, the audience is watching; the
viewer of a ViA interpretation is invited to be an
active participant.

Continuity

Following closely from Sequencing, Continuity cre-
ates small-step transitions between elements in a spa-
tial composition or temporal progression. Such
transitions facilitate visual interpretation and reten-
tion of information from one time-point or compo-
sitional element to the next, making the narrative
seem intuitive and easy to follow. Visual continuity
supports understanding and memory at a higher cog-
nitive level than the interpretation of speech or text
alone. Thus, we argue, continuity is an important
narrative element that enables the understanding of
dense, layered material such as the verbal interpreta-
tions from the presenter and the visual flow on the
screen (see Multimodality below). The “presentation,”
then, becomes less of a compilation of individual vi-
sual compositions or elements, and more of a seam-
less flow of content that happens to be “housed” in
individual frames or presentation steps.

In the example in Fig. 5, Sequencing alone will
dictate the three scales to be shown. Compositional
Flow will further determine the arrangement to in-
form the animation of the sequence from one spatial
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Fig. 5 A conversation about the deglaciation of the Northeastern coast of North America starts at the continental level and proceeds
to the state level before arriving at the scale of Mount Desert Island (MDI) where ACAD National Park is located (A). Using
animation, (B) illustrates the melting of the glacier and its effect on the landscape.

scale to the next. Visual Continuity via placement,
scale, and movement communicates the relationships
among the continent, the state, and the island. We
assert that such a visual approach operates at a
higher level than simply speech, text, or static illus-
tration (McDougall et al. 2001). Together it is a
richer, more engaging, and more efficient communi-
cation format.

For example, in Fig. 5, sequencing sets up a dis-
cussion of the effect of glaciers and deglaciation on
Mount Desert Island (MDI), ME. Plate A:
Interpreters seek place-based information
(McFarland, November 2017, personal communica-
tion), but since the conditions on MDI were caused
by changes at a continental scale, they needed a
larger canvas, so to speak. One option for a narrative
sequence enabled them to illustrate the glacier’s con-
tinental coverage, then to zoom in on conditions in
the state of Maine, and eventually to move to the
scale of the island. Through this progression, the
facilitators drew attention not only to the changes
in ice covered land, but also to other related factors:
(1) to the rebound effect once the weight of the
glacier was no longer depressing the land; (2) to
the coastline where the sea level advanced once the
water tied up in the glacier melted; and (3) to the
trees that raced to populate areas that were once ice-
covered. Which plate to start with, how to inter-
sperse the plates with information or prompts for
predictions, and how much to broaden or constrain
the conversation was something the park rangers

experimented with. The discrete slides (vs. a pre-set
animation) mean that the facilitators can be flexible
and the visual material can accommodate different
communication and facilitation strategies.

Design principle 5—multimodality and dynamism
Multimodality

The representation of Multimodality in communica-
tion theory is well established, describing communi-
cation in terms of textual, aural, linguistic, spatial,
and visual resources—or modes—used to compose
messages (Serafini 2012). Multimodal communica-
tion recognizes that a deeper informational exchange
potential exists when more than one mode is in-
voked. Although human interaction is inherently
multimodal (e.g., body language paired with voice
tone and cadence), its reflection in academic and
research contexts tends to be remarkably sparse in
favor of a “professional” delivery that is neutral in
tone and restrained in body language. In a famous
critique of the visual and cognitive style of
PowerPoint, Edward Tufte (2003) convincingly
argues that visual noise and clutter waste the modal-
ity. Literally, countless slides are created daily around
the world that feature bullet points that function as a
teleprompt for the presenter to repeat out loud.
Tufte similarly rails against presentation modes
where small chunks of information are presented
in a complicated way with the goal to push the
presenter’s agenda (Tufte 2003). A preferable
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Fig. 6 A long color transition reveals the natural coloration of the American toad, prompting the audience to consider/reflect on the
abstract representation of the B&W image and get introduced to color through an unexpectedly dynamic experience.

alternative, to better employ the phenomenal power
of the projected computer screen, is to compose
images that feature visual elements or data represen-
tations and use that information as anchors for
building the message or interpretation.

If visual elements are carefully selected and coor-
dinated in their presentation and interpretation, the
information transfer is relegated to a different cog-
nitive effort than conversation and verbal interpreta-
tion alone (Bearne and Wolstencroft 2007; Bhojwani
et al. 2009; Serafini 2012). Discriminating use of
other modalities, such as sound, tap into the richness
of the communication. A short video or sound clip
elicits attention from the audience. ViA’s aesthetic
would subtly lead up to a finale with a well-crafted
visual sequence, inviting the audience to engage the
information in dialog with an interpreter.

Dynamism and novelty

Dynamic content is vigorous, active, and appealing
because of the rich experience it evokes. Humans are
wired to detect changes: motion captures attention.
Although visual dynamism can be achieved through
well-sequenced and continuous material as described
above, dynamism can also be generated in novel,
unexpected, and subtle ways. In the world of fast-
cut trailers, shaky camera YouTube videos and
gimbal-stabilized fly-throughs, the absence of such
intense optical overload could be equally riveting,
attracting, and holding the viewer’s attention if the
presentation is carefully cultivated.

The opening slide of a science talk can be unex-
pectedly dynamic if the presenter chooses to break
the banal format of a static title with author and
institution layout with the inclusion of a clever mov-
ing element. A dynamic component related to the
topic of the presentation can be particularly effective,
such as a fluttering butterfly wing in a presentation
about monarch butterflies. Even if slight, such orig-
inal and thoughtful effects can catch the attention
and focus anticipation of the rest of the talk. The
resulting effect is more than an attention-grabbing
gimmick—a presenter can use dynamism and nov-
elty for educational benefit. iSWOOP has adopted
this practice. In the instance described below, it is
used along with functional minimalism to limit the

distraction of color and focus the discussion on
morphology.

For example, at INDU National Lakeshore,
rangers introduce the question: What is the differ-
ence between a frog and a toad (Figs. 4 and 6)?
Visitors examine the morphology of each pictured
animal in black and white. Then, the ranger gradu-
ally over several seconds brings in the natural color
of the animals. The change mid-conversation makes
the image new again. The viewer makes sense of
color as a layer of additional information.

Design principle 6—symbolism

Symbolism and the field of semiotics have deep
roots—they are part of a diverse landscape that
touches on philosophy, cognition, psychoanalysis,
and culture. Guided by common symbols, we turn
appliances on, activate devices we have never seen
before, operate vehicles in unknown environments,
and navigate mega-sized travel hubs. Viewers’ recog-
nition of signs and symbols can reduce cognitive
load (Marino and Koke 2003) and accelerate appre-
ciation of the subject. Research shows that the inter-
pretation of symbols is not universal or 100%
accurate; designers need to condition the audience,
taking into account cultural norms and context
(Magurno et al. 1994). Once established, however,
symbols are effective at (1) facilitating memorization,
(2) improving recollection, and (3) providing broad
information exceeding the specific items it portrays
(Vezin 1984). Furthermore, because symbols are pic-
torial, they take advantage of the many benefits of
visual imagery: (1) since an image is processed in
parallel and therefore more quickly than words,
which require serial processing, identification is
more precise from a single glance, at a greater dis-
tance, and at a greater speed than with words
(Collins and Lerner 1982; Lehto 1992); (2) an image,
memorized and recalled as a single unit, would resist
interference better than a text made up of several
parts. Images, therefore, have higher resistance to
cognitive interference (King 1975; Santa 1977) and
are perceived better in suboptimal conditions (Ells
and Dewar 1979); and (3) communication with sym-
bols and pictograms enables deeper level of process-
ing and greater consolidation in memory due to dual
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Fig. 7 Minimal symbols and silhouettes are easier to interpret and remember for the public than the elaborate coding elements and
notations, typically used in scientific publications. In (A) the silhouettes of a cheetah and an antelope are readily recognized by even a

naive audience. In (B) the audience will need a conditioning experience before it recognizes that these are the silhouettes of a toad and
a frog. Nevertheless, once given the opportunity to make the association, the speed and accuracy of the recognition are analogous to
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Fig. 8 (A) In a study at INDU National Lakeshore, simulating the effect of rising temperatures and associated climate change on 17
species of common amphibians in the park (Brodman 2009), four species are predicted to be likely survivors (i.e., winners) and seven

species are likely to go extinct (i.e.,

losers). (B) A visual composition relying on minimal symbols and silhouettes for the different

species elegantly takes the conversation from the territory of INDU to a philosophical discussion about ecosystems, the value of

wildlife, conservation efforts, and others.

encoding that is both visual and symbolic (Paivio
1986).

We are surrounded by symbols and know how to
use them. If most individuals can sit in a rental car
they have never seen before and drive away within
minutes because of consistent conventions and sym-
bolic notations, why do we not use this extensive
system of interacting with members of the public
when attempting to communicate content that is
well suited for such exchange conventions?
Similarly, in a talk about predator—prey interac-
tion—which includes a graph taken directly out of
the scientific publication—why are the cheetah and
the antelope represented with a solid black line and a
dashed-gray line, when a silhouette of each would
reproduce well in print and projection and would
yield instant recognition of the creatures and their
interaction (Fig. 7A)?

Going on the premise that an icon is better than a
label and an image is better than text (Norman
1990), the ViA style benefits from judicious use of
symbols and labels to tap into this inherent ability to
utilize pictorial information. Returning to the exam-
ple in Figs. 4 and 6 again, once the viewer has been
introduced to the two species through the clever use
of minimal design and sequenced presentation of

information, in subsequent discussions any future
reference to the two species can be reduced even
further to the two descriptive silhouettes in
Fig. 7B. Although at first glance, the shapes point
to a frog-like amphibian, this now-informed audi-
ence can easily distinguish the silhouette of the
toad from that of the frog. The conversation then
steers into a discussion about the resistance of such
species to changes in temperature, water availability,
and natural rhythms. A study by a scientist working
in the park has revealed that if current climate trends
persist, 4 of the 17 common species of amphibians in
the park are likely to survive, while 7 are likely to go
extinct (Fig. 8A). A visitor is tempted to take com-
fort in the news that not all amphibians will vanish
before another visitor regrets the loss of even a single
species. The ranger seeds the ensuing discussion with
the image in Fig. 8B—would we be willing to let go
of a single species if it were the panda, the giraffe,
the African elephant, or any of the iconic and much
loved animals on the planet?

Discussion

iSWOOP serves as an on-the-ground studio and lab-
oratory for designing and experimenting with such
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material and interpretive approaches. Because of the
iISWOOP project, visual material like those described
above are featured on a regular basis at five national
parks in conversations capably facilitated by dozens
of park rangers in contact with thousands of visitors.
In the coming years, the iSWOOP team will con-
tinue to study the images, formats, presentation
styles, and visitor interactions showcasing current
scientific research.

Developing visual literacy is not a trivial under-
taking. It will require deliberate and reiterative prac-
tice (Little et al. 2015). For many adults and youth,
daily life is media-rich, yet requires savviness and
opportunities to practice meaning-making and inter-
preting the output of created and consumed images,
video, and other types of graphic representations.
Programs like iSWOOP can offer a safe space for
adults and youth to apply and refine a subset of their
visual literacy skills, particularly those that require
interpreting, analyzing, and evaluating visualizations.
Image generation is a critical component. We antic-
ipate exploring the potential for generating
visualizations—air drawing stress levels, a stick-in-
dirt sketch of a line showing predictions for JOTR
survival, the visitors taking over a docent’s tablet and
shading to show relative importance of different fac-
tors, or taking their own shots with the infrared set-
ting on their cell phone cameras to experience their
surroundings through a different lens.

The design principles outlined here are sugges-
tions for priorities and the language that allows part-
nerships  among  scientists,  designers, and
environmental educators to integrate existing mate-
rial into narrative sequences. Values of flow, se-
quence, and continuity lend thematic coherence
and stylistic organization, with compelling presenta-
tion. Leveraging functional minimalism, multimodal-
ity, novelty, and dynamism, the principles not only
foreground an aesthetic and visual vocabulary, but
take into account that for STEM learning to occur,
the viewer has work to do. Viewers can make mean-
ing, decode, and decipher with confidence in the
presentation and the interpreter. A skilled ViA pre-
senter directs attention to parts of the presentation
best suited for the audience’s cognitive involvement
at each moment (Gibson 1969).

Some may take issue with the separation of design
principles, the names assigned, or the exclusion of
other design formulations. Nevertheless, these con-
structions are a serviceable starting point to deter-
mine the level of detail that will make an impact
without bogging down the conversation or overload-
ing the viewer with information to decode.
Ultimately, the point is to communicate efficiently
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and to take advantage of the many affordances of
visual imagery.

ViA treatments are parsimonious and purposeful
in their design. We argue that such a communication
approach is not only suitable for iSWOOP, but more
generally for efforts in science communication. This
approach can support interpreters’ versatility in us-
ing imagery to support storytelling, as well as peer-
to-peer exchanges as often are prompted among park
visitors encountering such visual material.

Scientists and designers collaborating on visual
material can use the ViA design principles and
Visualization Spectrum as touchstones when consid-
ering pros and cons of design choices, balancing
their overall development effort, accuracy, and rich-
ness of content representation with audience experi-
ence and benefit. Design and visualizations pose
tremendous opportunities for public engagement
with scientific ideas and phenomena. Design sensi-
bility, in concert with the versatile representational
vernacular of data visualizations, can form a basis for
non-scientists’ appreciation of scientific content.

Acknowledgments

We thank park interpretive and education resources
and management staff from ACAD, CAVE, INDU,
and JOTR National Parks, as well as NPS leadership
and our advisory board members. We are also grate-
ful to the Design Team at ASAP Media Services,
University of Maine, the project illustrators and ani-
mators Dennis Nikolaidis, Chris Tullar, and Brittani
George, and the generous and dedicated iISWOOP
featured scientists Juniper Harrower, Bob Brodman,
Jacquelyn Gill, George Jacobson, Steve Norton, Katie
Percy, and Tatjana Hubel. Two anonymous reviewers
significantly improved the quality of the manuscript.
Any opinions, findings, and conclusions or recom-
mendations expressed in this material are those of
the authors and do not necessarily reflect the view of
the National Science Foundation or the Society for
Integrative and Comparative Biology.

Funding

The iSWOOP project was made possible with sup-
port from the National Science Foundation DRL-
123030 and DRL-1514776. The symposium, Science
in the Public Eye: Leveraging Partnerships, was made
possible with support from the National Science
Foundation DRL-123030 as a part of the iSWOOP
(interpreters and Scientists Working On Our Parks)
project. The following divisions of the Society for
Integrative and Comparative Biology have generously
supported the symposium: Division of Animal



Designing for broad understanding of science

Behavior, Division of Comparative Biomechanics,
Division of Comparative Endocrinology, Division
of Ecoimmunology and Disease Ecology, Division
of Neurobiology, and Division of Vertebrate
Morphology.

References

Adichie CN. 2009. The danger of a single story. TED Talk.
(https://www.ted.com/talks/chimamanda_adichie_the_dan-
ger_of_a_single_story? referrer=playlist-the_most_popular_
talks_of_all#t-39147).

Allen L, Char C, Hristov N, Wright T, Merson M. 2018.
Beyond the brown bag: designing effective professional de-
velopment for informal educators. Integr Comp Biol (doi:
10.1093/icb/icy026).

Bearne E, Wolstencroft H. 2007. Visual approaches to teach-
ing writing multimodal literacy 5-11. London: Paul
Chapman Publishing.

Bhojwani P, Lord B, Wilkes C. 2009. I know what to write
now: engaging boys (and girls) through a multimodal ap-
proach. Leicester: UKLA.

Brodman R. 2009. A 14-year study of amphibian populations
and metacommunities. Herpetol Conserv Biol 4:106-19.
Collins BL, Lerner ND. 1982. Assessment of fire-safety sym-

bols. Hum Factors 24:75-84.

Dahlstrom MF. 2014. Using narratives and storytelling to
communicate science with nonexpert audiences. Proc
Natl Acad Sci U S A 111:13614-20.

Dondis DA. 1973. A primer of visual literacy. Cambridge
(MA): MIT Press.

Doumont JI. 2002. The three laws of professional communi-
cation. IEEE Trans Prof Commun 45:291-6.

Doumont JI. 2005. The cognitive style of PowerPoint: slides
are not all evil. Tech Commun 52:64-70.

Duarte N. 2008. Slide:ology: the art and science of creating
great presentations. Sebastopol (CA): O’Reilly Media

Ells JG, Dewar RE. 1979. Rapid comprehension of verbal and
symbolic traffic sign messages. Hum Factors 21:161-8.

Feynman Richard P. 1995. [1963]. Six easy pieces: the funda-
mentals of physics explained. Introduction by Paul Davies.
London: Penguin Books. p. ix.

Gibson EJ. 1969. Principles of perceptual learning and devel-
opment. New York (NY): Appleton-Century-Crofts.

Graesser AC, Ottati V. 1995. Why stories? Some evidence,
questions, and challenges. In: Wyer RS, editor.
Knowledge and memory: the real story. Hilldale (NJ):
Lawrence Erlbaum. p. 121-32.

Green D. 2006. Historically underserved students: what we
know, what we still need to know. New Dir for
Community Coll 2006:21-8.

Gross AG, Harmon JE. 2009. The structure of PowerPoint
presentations: the art of grasping things whole. IEEE
Trans Prof Commun 52:121-37.

Gulino PJ. 2003. Screenwriting: the sequence approach. New
York (NY): Continuum.

Ham S. 1992. Environmental interpretation: a practical guide
for people with big ideas and small budgets. Golden (CO):
Fulcrum Publishing.

125

Hattwig D, Bussert K, Medaille A, Burgess J. 2013. Visual
literacy standards in higher education: new opportunities
for libraries and student learning. Portal Libr Acad
13:61-89.

Jarman R, McClune B, Pyle E, Braband G. 2012. The critical
reading of the images associated with science-related news
reports: establishing a knowledge, skills, and attitudes
framework. Int J Sci Educ B 2:103-29.

King LE. 1975. Recognition of symbols and word traffic signs.
] Safety Res 7:80—4.

Laiser D. 2005. Drawing theories apart: the dispersion of
Feynman diagrams in postwar physics. Chicago (IL):
Chicago University Press. p. 4.

Lehto MR. 1992. Designing warning signs and warning
labels: scientific basis for initial guidelines. Ergonomics
10:115-38.

Little D, Felten P, Berry C. 2015. Visual literacy across the
disciplines: new directions for teaching and learning. San
Fransisco: Jossey-Bass, Wiley.

MacArthur C. 2014. Changing lives, saving paper and engag-
ing visitors: technology and the acadia experience. Final
Report on Summer 2014 Research Studies (http://api.
ning.com/files/kV4MDbYiv70T102MtPdOIBXZmHYj1xG8Gy
SMTGBkAgPmuh3uWqAsB3005z-a76htUKN 1urVBafeGek
6LDHIINTYCqOrY65vPe/FinalReport.pdf).

Magurno AB, Kohake JR, Wogalter MS, Wolff JS. 1994.
Iterative test and development of pharmaceutical pictorials.
Ergon Des 4:360-2.

Marino M, Koke J. (2003). Face to face: examining educa-
tional staff’s impact on visitors. ASTC Dimensions (http://
astc.org/pubs/dimensions/2003/jan-feb/index.htm).

McDougall SJP, Curry MB, de Bruijn O. 2001. The effects of
visual information on users’ mental models: an evaluation
of pathfinder analysis as a measure of icon usability. Int J
Cogn Ergon 5:59-84.

Merson M, Allen LC, Cox P, Hristov NI. 2016. Roving with
a digital visual library: increased learning opportunities
at Carlsbad Caverns National Park. ] Interpret Res 21:
9-29.

Merson M, Char C, Hristov N, Allen L. 2017. Seeking park-
based science information: interpreters at the gate. George
Wright Forum 34:368-80.

Merson M, Allen LC, Hristov NI 2018. Science in the public
eye: leveraging partnerships—an introduction. Integr
Comp Biol (doi: 10.1093/icb/icy034).

Metros SE. 2008. The educator’s role in preparing visually
literate learners. Theory Pract 47:102-9.

Nathanson S. 2006. Harnessing the power of story: using
narrative reading and writing across content areas. Read
Horiz 1:1-26.

Nemirovsky R, Noble T. 1997. On mathematical visualization
and the place where we live. Educ Stud Math 33:99-131.
Norman DA. 1990. The design of everyday things. New York

(NY): Doubleday.

Olson R. 2009. Don’t be such a scientist: talking substance in
an age of style. Washington (DC): Island Press.

Olson R. 2015. Houston, we have a narrative. Chicago (IL):
The University of Chicago Press.

Paivio A. 1986. Mental representations. A dual coding ap-
proach. New York (NY): Oxford University Press;
Clarendon Press.



126

Russell SJ, Corwin RB. 1989. Statistics: the shape of the data.
Used numbers: real data in the classroom. Grades 4—6. Palo
Alto (CA): Addison-Wesley Publishing Co.

Santa JL. 1977. Spatial transformation of words and pictures.
J Exp Psychol Hum Learn Mem 3:418-27.

Schank RC, Abelson R. 1995. Knowledge and memory: the
real story. In: Wyer RS, editor. Knowledge and memory:
the real story. Hilldale (NJ): Lawrence Erlbaum. p. 1-86.

Serafini F. 2012. Expanding the four resources model: reading
visual and multi-modal texts. Pedagog Int J 7:150-64.

Tufte ER. 1990. Envisioning information. Cheshire (CT):
Graphics Press.

Tufte ER. 1997. Visual explanations. Cheshire (CT): Graphics Press.

Tufte ER. 2001. The visual display of quantitative informa-
tion. Cheshire (CT): Graphics Press.

Tufte ER. 2003. The cognitive style of PowerPoint. Cheshire
(CT): Graphics Press.

Tufte ER. 2006. Beautiful evidence. Cheshire (CT): Graphics Press.

N. Hristov et al.

Vezin JF. 1984. Apport informationnel des schémas dans
Papprentissage. Trav Hum 47:61-74.

Wong W. 1972. Principles of two-dimensional design. New
York (NY): John Wiley & Sons.

Wong W. 1977. Principles of three-dimensional design. New
York (NY): Van Nostrand Reinhold.

Wong W. 1993. Principles of form and design. New York
(NY): John Wiley & Sons.

Zabrucky KM, Moore D. 1999. Influence of text genre on
adults’ monitoring of understanding and recall. Educ
Gerontol 25:691-710.

Zimmer C. 2018. Science and scandal: reporting on science in
an age of controversy, Plenary-1, Society for Integrative
and Comparative Biology annual conference, 3-7 January
2018. San Francisco (CA).

Zimmerman HT, Land SM. 2014. Facilitating place-based
learning in outdoor informal environments with mobile
computers. TechTrends 58:77-83.



Integrative and Comparative Biology

Integrative and Comparative Biology, volume 58, number 1, pp. 127-139

doi:10.1093/icb/icy027 Society for Integrative and Comparative Biology

SYMPOSIUM

Cultivating Collaborations: Site Specific Design for Embodied
Science Learning

Katherine Gill," Jocelyn Glazier’ and Betsy Towns'#$

*PLA, Tributary Land Design, Durham, NC, 27707, USA; "School of Education, The University of North Carolina at
Chapel Hill, Chapel Hill NC, 27599, USA; *Center for Design Innovation; University of North Carolina School of the
Arts, Winston-Salem, NC, 27127, USA

From the symposium “Science in the Public Eye: Leveraging Partnerships” presented at the annual meeting of the Society
for Integrative and Comparative Biology, January 3-7, 2018 at San Francisco, California.

'E-mail: townsb@uncsa.edu

Synopsis Immersion in well-designed outdoor environments can foster the habits of mind that enable critical and
authentic scientific questions to take root in students’ minds. Here we share two design cases in which careful, collab-
orative, and intentional design of outdoor learning environments for informal inquiry provide people of all ages with
embodied opportunities to learn about the natural world, developing the capacity for understanding ecology and the
ability to empathize, problem-solve, and reflect. Embodied learning, as facilitated by and in well-designed outdoor
learning environments, leads students to develop new ways of seeing, new scientific questions, new ways to connect
with ideas, with others, and new ways of thinking about the natural world. Using examples from our collaborative
practises as experiential learning designers, we illustrate how creating the habits of mind critical to creating scientists,
science-interested, and science-aware individuals benefits from providing students spaces to engage in embodied learning
in nature. We show how public landscapes designed in creative partnerships between educators, scientists, designers, and
the public have potential to amplify science learning for all.

Introduction: the (dis)embodied nature
of teaching and learning

disembodied, but seek out the gross and detailed
ways in which language and thought are inextricably
shaped by embodied action” (Gibbs 2005, i). While
true across all disciplines, the role of the body in
learning may be especially influential in the sciences
(Alsop 2005; Liben et al. 2011; Bajak 2014; Kontra
et al. 2015; Weisberg and Newcombe 2017). Indeed,

Historically, psychologists and other scientists have
separated mind from body, to perceive them as pe-
ripherally connected but not integral to one another
(Descartes 1952,1980; Russell 1990). Schools and
universities generally privilege disembodied practises

that maintain this mind/body dualism. In this dual-
istic approach, “[e]xcept as a container for the mind,
[the body] has no significance” (Paechter 2006, 123).
Recently, cognitive scientists have prompted recon-
sideration of the mind/body dualism, reminding us
that thinking is shaped by and with our bodies and
actions (Abrahamson and Lundgren 2014). The
study of embodied cognition suggests, “Human cog-
nition is deeply rooted in the body’s interactions
with its physical environment” (Lindgren and
Johnson-Glenberg 2013, 446). Indeed, as Gibbs
(2005) cautions, “We must not assume cognition
to be purely internal, symbolic, computational, and

Advance Access publication May 21, 2018

“STEM education initiatives may particularly benefit
from embodied cognitive practices because STEM
disciplines rely on representation systems that re-
quire sensory encoding ... and are nevertheless de-
pendent on highly abstract, formalized symbol
systems (e.g., those used in ... chemistry). Students
need a ‘way in’ to linking sensory representations
with abstractions” (Weisberg and Newcombe 2017).
That “way in” requires shifting not only how but
also where we teach science.

Examples mount to suggest that “if cognition is
embodied and if embodied learning is more efficient
for cognitive development, then maybe schools

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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should change their style of teaching to promote this
kind of learning in students at all ages” (Ionescu and
Glava 2015, 10). Though we increasingly see that
hands-on, inquiry-driven learning effectively cultivates
the critical and creative thinking skills needed for dis-
covery and innovation (National Research Council
2000; Barron and Darling-Hammond 2008; Roberts
2015), mainstream schools and universities prove dif-
ficult ships to turn, freighted with policies that oblige
teachers to focus on fact delivery and assessment.
Traditional science labs seldom provide opportunities
for open-ended, active, embodied learning. Instead,
accountability measures and pressures of standardized
assessment at all levels constrain teaching and learn-
ing, hampering imagination and curiosity that deepen
into rigorous inquiry. Furthermore, “(e)mbracing the
body as an active and meaningful part of the learning
process is a ... daunting ideological and pedagogical
hurdle, given our habituated reluctance to consider
cognition as embodied” (Blatt-Gross 2015, 138), add-
ing challenges to implementation.

In the design cases described below, which bring
together our professional experience in Landscape
Architecture (Gill), Curriculum Design (Glazier and
Towns), Education (Glazier), and Public Art
(Towns), we illustrate the development of learning
spaces that invite students to experience science in em-
bodied ways. We build from our argument that creat-
ing the habits of curiosity, empathy, inquisitiveness,
observation and reflection, habits critical to the devel-
opment of scientists and science-aware individuals,
depends on giving students experiences in the natural
world (Schwartz and Martin 2004; Leong et al. 2014).

Interdisciplinary collaborations:
designers are scientists, scientists are
designers

Since big freighters—traditional education spaces and
methods—prove slow to change despite the demon-
strated effectiveness of embodied learning (Singer
et al. 2012; Freeman et al. 2014; Kontra et al. 2015),
we, as designers, scholars, and educators have boarded
exploratory vessels—alternative places of learning like
farms, zoos, and museums. In our experience, these
sites provide ideal grounds for prototyping alterna-
tives. The challenge of wide-ranging audience expect-
ations and typically small number of staff demand
close collaborations to enable the success: staff from
disciplines like art, design, science, and education
work closely together in these alternative learning sites,
bringing with them multi-disciplinary understandings.
Referring to science museums, Sue Allen, Learning
Research Director at the Exploratorium, writes: “We
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expect these institutions to provide a hugely diverse
visiting public with entertainment, the freedom to choose
their own path, follow their personal interests, do their
own inquiry, and create their own meanings. Yet at the
same time, we want our museums to be respected educa-
tional institutions where people can spend an hour and
come away having learned some canonical science”
(Allen 2004, S18). These seemingly conflicting demands
of alternative learning sites depend on sustained interdis-
ciplinary design collaboration.

In our work in and outside the school system, we
have found the benefits of carefully designing and
building interdisciplinary teams to shape embodied
learning outcomes outweigh the challenges. In the
design cases below, we show how, when interdisci-
plinary design teams are established at the outset of
the planning process, and come together regularly to
define, design, test, evaluate, and revise the design,
the process results in flexible, innovative, and effective
learning platforms (Fig. 1). The literature suggests—
and our experience concurs—that true collaboration
exists when partners come to the table early, on equal
footing, and with equal interest in the questions and
outcomes at hand (Drayton and Falk 2006; Munson
et al. 2013). Moreover, in our work with scientists, we
have found a necessary symbiosis: as Galatowitsch
(1998) explains, “Science and design are complemen-
tary ways to generate knowledge (and therefore both
are creative endeavors). Scientists solve problems in-
ductively, forming generalized principles from specific
observations. Designers use general principles to solve
specific problems deductively” (102).

In our experience, the most effective collabora-
tions between designers and scientists include partic-
ipants from both disciplines who demonstrate
capacity to practise deductive and inductive think-
ing. In essence, both think as scientists and both
think as designers in and through this process of
creating authentic learning applications.
Collaborative, interdisciplinary teams built early,
with attention paid to the design practise of estab-
lishing empathy for the team and needs of the proj-
ect lead to powerful design outcomes. These
outcomes benefit students (who experience more ef-
fective and engaging learning), scientists (who gain
tools for communication, and an expanded pipeline
of scientists and science interested), and designers
(who attain an expanded field for impactful design
practise) (Galatowitsch 1998; Munson et al. 2013).

Shifting learning landscapes

Because lived experience influences cognition, the
environment where students learn impacts what
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Fig. 1 The overlap of design thinking, design process, and scientific process: our methodologies for discovery and solution building are
similar across disciplines. The typical design process starts with defining a design need, then goes through an analysis, then into concept
building, program development, and then schematic, design development, and construction drawings. From this point, the design is

built, and the programming and site are managed over time.

learning happens. Full-body experiences, which
blend play and experimentation, can help students
perceive science more positively. We argue that:
“learning environments for math and science can
be made more effective if they are designed to tap
into bodily know-how that originates both from
existing life experience and new learning experi-
ences” (Abrahamson and Lundgren 2014, 11).
Furthermore, the field of “embodied cognition has
emphasized the role that the body and environment
play in cognitive processing” (Weisberg and
Newcombe 2017). School and university settings
have looked similar for centuries; interdisciplinary
collaborations between researchers, scientists, educa-
tors, and designers provide compelling opportunities
to test new kinds of learning spaces that put embod-
ied learning into practise.

Carefully designed, spaces of informal learning
build young people’s sense of efficacy, curiosity,
and capacity for learning (Allen 2004). Because tra-
ditional labs and classrooms seldom have institu-
tional flexibility and space to facilitate these
experiences, alternative learning habitats offer needed
platforms. Our collaborative work helps us consider:
What if we design experiential spaces where body
and mind were encouraged to interact? Such habitats
for learning and the experiences they can provide are
important learning landscapes, particularly for scien-
ces. Actualizing these designs depends on cultivating

and managing public and private partnerships.
Bringing diverse, interdisciplinary voices—from fun-
ders to educators to scientists to designers—together
to create and use spaces of natural learning introdu-
ces greater opportunity for innovation across
disciplines.

Two collaborative design processes we have led—
the North Carolina Zoological Park (NC Zoo)
Treehouse Master Plan and the Durham Public
Schools Hub Farm (DPS Hub)—demonstrate the de-
velopment and use of habitats for fostering inquisitive
minds of future scientists and offer insight as to how
we can facilitate interdisciplinary collaborations. These
sites provide interdisciplinary teams space to proto-
type immersive learning experiences, and platforms to
conduct research on science learning and design ef-
fectiveness. We illustrate our reliance on design prac-
tise to create habitats and experiences that can build
visitors’ capacity as independent learners. The design
cases illustrate: our process, fruitful and frustrating
collaborations and partnerships, and promising prac-
tises for authentic science learning and assessment.
The design cases further demonstrate that, thought-
fully led, the design process can build the collabora-
tive team even as it builds the design.

DESIGN CASE 1: Adversaries to Team—The NC
Zoological Park Treehouse Master Plan

The North Carolina Zoo (NC Zoo) is a natural
habitat zoo that prioritizes the health and well-being
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of the animals and plants, emphasizing the environ-
mental and educational goals of conservation of spe-
cies and habitat. This means site-lines are carefully
constructed so animals on exhibit seldom see visi-
tors, and have huge spaces to roam. Therefore, vis-
itors may find that, seen from hundreds of yards
away in their expansive, natural-appearing enclo-
sures, water buffalo and elephants resemble ants
and beetles. At the natural habitat zoo, visitors do
not feed, touch, or otherwise play with zoo animals.
Insofar as possible, lived experience of the animals
mimics their experience in the wild.

The design question

The team from SolidZebra, led by Betsy Towns as
artist and site designer and Katherine Gill as co-site
designer and landscape architect, was challenged with
how to create embodied biology learning experiences
when visitors and animals are separated from one
another. Our scope of work called for master plan-
ning an exhibit directed at children. At the surface, it
appeared to the NC Zoo staff that the principled,
conservationist design of exhibits in the zoo opposed
the zoo educators’ goals of teaching scientific and
ecological mindset through close engagement with
living exhibits. The research and discovery phase of
the design process—involving collaboration between
our team of designers and artists, and NC Zoo ex-
hibit designers, scientists, and educators—demon-
strated that embodied learning experiences exceed
pedagogical outcomes for all visitors compared to
content-based interpretives. First, zoo educators,
and, somewhat more slowly, zoo horticulturalists,
biologists, and veterinarians, came to see that design-
ing embodied learning experiences could substan-
tially impact the environmental, cognitive, and
pedagogical outcomes for visitors of all ages, and
that we could identify ways to achieve these without
impacting zoo exhibit species (Allen 2004; Leong
2014). By engaging all parties equally in the design
process from start to finish in periodic full-day de-
sign charrettes, we became a cohesive team. The
method led to an authentically shared understanding
of the value of embodied practise to prepare learners
to become inquisitive, empathetic inhabitants of the
natural world, and to engage with science material
more substantively. “As designers engage in a process
of developing an image, representing it, and then
testing their ideas, they ... provide a catalyst for
change, for achieving an outcome, and, most impor-
tant, for facilitating a thinking process. In a thought-
ful process, the designer takes into account what
exists and provides an opportunity for the players
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to express themselves, to be effective, and to feel
empowered. The designer’s role is a critical part of
the triangle of players who together create a place
that goes beyond the narrow and timid to encom-
pass the ‘enchantments of childhood” (Stine 1997,
7). With a team more open to the high-impact prac-
tises of embodied learning, the informal spaces of the
zoo offered an ideal location to prototype and test
learning results more effectively than within tradi-
tional schools (e.g., Barron and Darling-Hammond
2008; Roberts 2015). The design process allowed us
to turn opponents into collaborators and discover
opportunities to create learning experiences that pro-
pel the goals of all.

Design strategy emerges

Based on the areas of agreement discovered in stake-
holder workshops, the design team (Towns and Gill)
made two decisions that shaped the design of the
Master Plan: rather than designing animal encoun-
ters involving the zoo wildlife collection, the exhibit
would create spaces apart from the zoo animal hab-
itats for “parallel encounters” with familiar species
that visitors could transfer to their observation and
reflection on the zoo animal exhibits. Animal
encounters in the design focused on pet species
(dogs, rabbits), indigenous species abundant on the
property (squirrels, ants, owls, black snakes), and
species with history of domesticity (goats). The
choices avoided bringing visitors into contact with
exotic collections, while engaging the expertise of
zoologists, conservationists, and horticulturalists in
creating relevant parallel experiences; together we
considered how scientific content could become
‘hands-on’ engagement.

Defining the exhibit

At this point, we proposed that the NC Zoo Master
Plan focus on three strategies to achieve the conser-
vation education mission: (1) Creating play oppor-
tunities that duplicate and repeat behaviors that
visitors watch animals do in their own habitats (em-
pathy building); (2) Designing spaces for imaginative
independent play (creativity and curiosity); and (3)
Establishing pivot points between the visitors’ inner
and outer selves, giving them opportunities to reflect
on physical engagements to take with them the tra-
ditional ‘look but don’t touch’ exhibits of the rest of
the zoo.

Following Discovery phase, the exhibit emerged
around these strategies. A preliminary concept, The
Treehouse, created immersions in each strategic prac-
tise. For example, to build empathy through parallel
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experiences, we created sequences of exhibits around
climbing, home building, and food-gathering. The
dramatic centerpiece is a large treehouse in the de-
ciduous forest (Fig. 2). Each iteration of the design
process brought scientists, educators, and designers
together to critique and evaluate the accuracy and
effectiveness of the ways that designers had put vis-
itors into motion in relation to zoo ecology.
Optimally, zoo visitors would emerge from the ex-
perience with an increased alertness to qualities of
locomotion (especially adaptations that enable mam-
mal survival in treetop habitat), with a sense of spe-
cies interactions (squirrels and oak interdependence),
and practise/warm-up in observing wildlife (em-
bodying squirrel feeding, climbing, and nesting
behaviors), all concepts with transferability to exhib-
its throughout the zoo (Fig. 3).

Implications

The Master Plan relies on meaningful engagement
with plant and animal species tolerant of human
interactions to create openness to learning about
animals and plants in the zoo exhibits. Experiences
that engage biomechanics, movement, interaction,
manipulation, and many senses and modes of cog-
nition offer potential to reach many different devel-
opmental levels and learning styles and capacities. In
parallel, repeating play experiences creates capacities
necessary for observing and reading that take prom-
inence at zoo-interpretive exhibits (Fig. 4). When
designs like this work effectively, we see an elevation
of the kinds of questions visitors take time to de-
velop (Bell et al. 2009). At the traditional zoo with
caged animals, children might ask their parents:
“Why is the lemur looping the same path again
and again?” as the children experiment with their
own loops on trails. At the natural habitat zoo,
they might wonder: “Why can’t I see the lemur?”
At the natural play enhanced zoo, children might
consider, as they climb structures and observe ani-
mals climb: “Why do lemurs have long front legs?
Why do goats have four legs that are the same? and
why do we climb on two legs?” It’s not unusual for
visitors to try out or mimic other ways of climbing
to mimic those of the animals they see (Falk et al.
2008).

Commentary

In the NC Zoo Master Plan process, bringing the
diverse perspectives of designers, scientists, and edu-
cators together made it possible to design playful,
open-ended, embodied engagement that led to
question-finding and problem solving, which build

131

Fig. 2 Illustration by the designers showing the main treehouse:
webs, log-balance, and tunnel scramble draw young people into
the canopy and challenge them to move through space in ways
that engage their whole bodies in the treetops in the kinds of
movements they see squirrels achieve in the adjacent trees.
These climbing experiences lead visitors to nest building mate-
rials like those squirrels employ in the highest level of the trees,
and to acorn gathering and stashing points throughout the entire
treehouse exhibit. Feeders encourage the native squirrels to
platforms in the canopy, and viewing stations give visitors practise
at the kind of observation “work” they will do with the zoo
exhibit animals throughout the park.

science-learning skills (Ellsworth 2004). Designing
for open-ended and learner-driven play requires the
institution and the educator to release some degree
of control over specific content delivered. The de-
signer forfeits some control in collaboration with
the users: “Designing for open-ended play means
taking a risk ... . As a designer you do not know
at the start of the project what the outcome will be.
You have some assumptions, but these assumptions
can turn out to be wrong” (de Valk et al. 2013, 98).
Thus, the process corresponds with the experiences
we shape for learners—it takes as its starting point
open-ended play, examines judgments and embraces
risk, experiment, and prototyping as strategies to re-
veal and exceed assumptions and limitations, and
creates a climate for reflection, critique, and adapta-
tion. Designing spaces for “knowledge in the
making” (Ellsworth 2004) requires a process of
“design in the making” and has given us routes to
new ways of thinking about design, teaching, and
learning. Working with designers can introduce
scholars in all fields to new tools, methods, and pla-
ces of learning that can increase the reach and im-
pact of their pedagogy and research. The
collaborative Master Plan design process at the NC
700, which involved staff Scientists, Educators, and
Curators and Gill and Towns as Facilitators and
Designers, led the Zoo to consider new strategies
for embodied learning throughout their exhibit
design.
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Fig. 3 The designers’ sketches show climbing-experiences throughout the exhibit that parallel behaviors of the animals located there. A
goat treehouse designed with rustic materials and same saturated color points as the children’s treehouse lets visitors see how kid
goats and kid humans climb in similar and different ways; dog and squirrel obstacle courses build on this integrative thinking through
engaging repetition; oversized blades of grass and replicas of native ants invite visitors to climb in and explore.

Fig. 4 The designers’ diagram illustrates various habitats represented in the Master Plan.
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DESIGN CASE 2: Cultivating Embodied Learning
by  Engaging  Community  Partners,  Scientists,
Administration, Teachers, Volunteers, and Students
in adapting Fallow Lands into Environments where
Students Delight in Learning Outdoors.

The Durham Public Schools Hub farm is a 32-acre
outdoor learning lab initiated in 2011 by a small
group of stakeholders interested in creating oppor-
tunities for all 32,000 district students to engage in
outdoor, project-based health, and science learning.
As landscape architect and founding project devel-
oper, Katherine Gill helped develop creative strate-
gies for collaborations and to facilitate a strategic
plan and design for how the school system could
put this fallow site to work for experiential learning.
The engaged team that led the initiative included a
committed member of the district’s Board of
Education; the district Director of Career and
Technical Education, and leaders and scientists
from educational non-profits in the community. A
driving design question was: How might the design
of the Hub Farm complement and extend science
learning that happens inside school walls? (Fig. 5)

From a design perspective, the Hub Farm differs
from typical landscape architecture projects where
designers are hired to create a design from concept
to construction, and complete the project before it is
used. The Hub Farm is unique: it is an environment
where design emerges as students and teachers en-
gage in this space and where outcomes evolve based
on visitors’ own questions, lives, and experiences on
the site. The design concept for the Hub Farm is to
provide an open-ended experience for all types of
learners, providing a framework and the structure
for the exploration of multiple learning outcomes.

With very little money, a completely overgrown
site, and limited leadership from the highest levels
of the administration, it was critical to begin the
design process by focusing on the strengths inherent
in the site and the people who would use it. In other
words, the collaborations became the project, and
the activation of those partnerships became critical
to the Hub Farm growing into a vibrant learning lab.
At the beginning of the design process at the Hub,
we identified the type of collaborations and partners
in the community with expertise in providing pro-
gramming and curriculum for students but that were
limited in their ability to reach students within the
school system. The Hub Farm site is comprised of a
diversity of Piedmont forest types and unusual volca-
nic granite rock formations. The hydrology includes
stormwater from neighboring roads, parking lots,
and rooflines that flow into a perennial stream, wet-
lands, and two agricultural ponds. Given these site
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features, we were immediately able to inhabit, expe-
rience, and bring to life the natural history of NC
geology, ecology, climate change, and land use his-
tory through partnerships with organizations in the
area that are doing related research and seek to pro-
vide outreach assistance to the community: NC State
University’s Soil Sciences Department; UNC College
of Education, Durham County Soil and Water
Conservation, NC State Agricultural Extension
Water Quality experts, and many others (Fig. 6).

The Hub Farm acts as the lab to pilot and assess
embodied teaching and learning outcomes from
which further programming across the district and
state can develop. It is the hub from which spokes
emerge, reaching across schools and organizations
(Fig. 7). For example, through a collaboration with
the Durham County Public Health Department, the
Hub Farm implemented an innovative teaching ap-
proach which we named Seed to Belly. The collabo-
ration between the Hub Farm, the schools, and the
Health Department nutritionists enabled children to
experience full cycles of the food system and nutri-
tion processes firsthand (Fig. 8). Providing embodied
learning opportunities for K-12 students at the hub
farm is paramount. However, what happens when
students step back into traditional school contexts?
How can embodied science learning in this context
stretch back to schools? To that end, we partnered
with Jocelyn Glazier, faculty in the School of
Education at the University of North Carolina,
who works with K-12 teachers across multiple disci-
plines. Recognizing the impact of experiential learn-
ing on students, Jocelyn wondered how to better
support teacher training in this pedagogy. How, for
example, would science teachers teach authentically
if they themselves experienced only disembodied sci-
ence learning?

Design strategy

An ongoing summer partnership with the UNC
Masters in Education (MEDX) program and the
Hub Farm works to support experiential teacher
learning about science through implementation of
the design process. The design process during these
summers consists of: (1) Framing a project for teach-
ers and students to implement that would integrate
science learning in the design-build process; (2)
Introducing the general steps within the design pro-
cess; (3) Reminding teachers and students to expect
the ambiguity of many possible solutions, and that
working through this ambiguity was part of the de-
sign challenge. Engaging in the process provides the
next set of questions, answers, and challenges.



134

FAI.{R% SCHEMATIC PLAN i

-y

K. Gill et al.

U TRIBUTARY

Fig. 5 The Hub Farm Master Plan plays off the natural habitats of the site to afford various exploration and science-based learning
opportunities. The Master Plan also references the types of partnerships, collaborations, and student-run citizen-science initiatives that

may be incorporated into the overall program.

Teachers and students familiar with the scientific
process found key correlations with the design
process.

Over the last 5 years, depending on the environ-
mental, practical, and curricular needs of the space,
MEDX teachers have created curriculum kits on
water quality of ponds on site; built learning spaces
along a path that connects the public library next
door to the Hub Farm; and built gates and bridges
that protect animals, and subtly invite or dissuade
students from entering the farm. Each of these
examples of spaces built by teachers offers poignant
snapshots of embodied learning: a teacher knee
deep in water who discovers how to measure the
angle needed to support an 8 wide bridge; the
teachers” sense of accomplishment and satisfaction
at seeing the gate they built from downed limbs; the
shared smile of teacher and student discovering not
one but seven different invertebrates in the bucket
of water they pulled out of the pond together
(Fig. 9). These outcomes were anticipated and sur-
prising all at once. They were framed for the teach-
ers with enough ambiguity to enable them to

engage in necessary risk taking, initiative, and
play. By following the design process, the teachers
could engage in rigorous, hands-on learning while
changing the landscape to support the learning of
the next visitors to the Hub. Too often, teachers
and students alike are invited into outdoor learning
spaces that are closed-ended, exhibits that tell rather
than show, that are hands-oft rather than hands-on,
that establish set questions and answers rather than
opportunities to explore. When outdoor spaces are
designed to enable authentic engagement with
materials and opportunities to literally and figura-
tively fall into learning, scientific inquiry can blos-
som. The boundaries of spaces like the Hub Farm
stretch to meet the questions and curiosities of
those who visit.

Commentary

The Hub Farm enables open-ended opportunities for
learning with varied outcomes that pivot the learner
in new directions. The purposeful design concept of
the farm leads to multiple experiences that lead in
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Fig. 6 A diagram of the potential partnership relationships across key programming goals and site features.

turn to a series of next challenges. Fach season
brings a new and different problem that demands
authentic problem solving. The farm strips away
the traditional boundaries of teaching and learning
behind the walls of a classroom opening up new
challenges for how to integrate learning at the Hub
Farm with the learning that happens in the class-
room. For teachers, the farm provides the critical
space for teacher growth. Teacher trainings taught
by scientists and professional experts in fields of
science that not only bring scientific research into
the hands of teachers but also tie-in the required
learning materials of the classroom become very
powerful tools that would lead to better integra-
tion from the Hub Farm back to the classroom.
Teachers’ experience of embodied learning allows
them to imagine new possibilities for their class-
rooms. They are in turn able to create and develop
inquiry-based and embodied experiences for their
students. This experience cultivates autonomy,
giving both teachers and learners a sense of au-
thority, efficacy, and the opportunity to solve
problems rather than having the right answers in
mind. In essence, the teachers become scientists so
that they can lead their K-12 students in becoming
the same.

Discussion

As described, learning is as much physical as men-
tal. “Embodied exploration and learning are inex-
tricably intertwined” (Hirsch-Pasek and Golinkoff
2008). The habitats we present here reflect experi-
ential spaces in which mind and body are invited
to interact, providing important learning land-
scapes, particularly for science learning. As illus-
trated, these habitats provide opportunities for
learning that is exploratory and open-ended. In
order to build the desire and capacity for learning
about science, we have to offer visitors experiences
in well-constructed spaces like those above, that
demonstrate to them pleasure, freedom, and au-
tonomy to build their comfort in engaging in
learning. Similarly, for learners of all ages to un-
derstand the relevance of the questions they con-
sider in these spaces, they need exposure, guidance,
and shared experiences with scientists, who,
though they may be asking questions of a much
higher level, are nonetheless, inquiring and learn-
ing in very similar ways to younger students.
Scientists, who are willing to come to the table
to work with designers and educators, can show
us all the motivating environments that drive
them into scientific inquiry.
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Fig. 8 Food production becomes an embodied experience for students as they learn first-hand the role of soil, sun, water, and the
ecological processes embedded in the food system while also learning to plant, harvest, prepare, and eat a fresh salad.
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Fig. 9 UNC Masters in Education teachers busy in their new
environment. It is hard to tell students from teachers in this
embodied learning scene!

Conclusion and future directions

The careful design of outdoor learning environ-
ments, whether on farms, school grounds, museums,
or zoos, plays a critical role in affording habits of
mind that allow critical science thinking and learning
to take root in students of all ages. These intention-
ally open-ended designs provide entry into authentic
means of exploration, removing constraints of tradi-
tional school contexts. These sites also provide the
learner the tools to discover interest and complexity
and to locate the questions that plant the seeds for
becoming scientists, artists, innovators, and educa-
tors. Effective design and partnerships play a critical
role in taking this to capacity and applying it, mak-
ing it useful, effective, and real. It also tasks designers
to “do” design that meets educational and ecological
imperatives and demonstrates models for collabora-
tion and partnering with broad entities.

Our projects, involving design, implementation,
and programming, have led us to the phase of care-
ful assessment of the effectiveness of our work. What
are indications of learning efficacy in these contexts?
How do we know what science, what discoveries,
visitors make in these landscapes? In these spaces,
we seek to “measure” outcomes in ways that move
beyond the traditional test. For example, we can ob-
serve students’ engagement with materials over time.
As we observe students “muck around” in one of the
ponds on the Hub Farm site, we can attend to how
they engage with the water, with the mud, with one
another. What sort of sense making are they engag-
ing in? How are they talking about what they ob-
serve? How do they collaborate with one another?
The freedom from traditional assessments and eval-
uation enables visitors to take risks with the materi-
als, to play with outcomes that may seem
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implausible on the surface. In these spaces, they
can make discoveries that venture beyond those we
ourselves can imagine. The outcomes are not neces-
sarily pre-determined. Indeed, here’s where scientific
discoveries can happen.

Future assessment models may be qualitative and
quantitative and can assess both process, outcome,
conceptual understanding, and can drive the next set
of questions to be explored. Visual mapping, behavior
mapping, and conversation mapping (Beeken and
Janzen 1978; Marcus 1990; Malone and Tranter 2003;
Moore and Cosco 2010) can provide qualitative insight
into spatial, temporal, and communication outcomes.
With behavior mapping, we can gather data on how
long someone spends within a particular exploration
mode, in what areas, and with what diversity of spatial
materials with which they are engaging. Conversation
mapping can track the types of questions that are
asked and gauge the complexity and relative interest
in the subject, not to mention visitors’ understanding
of the phenomenon being examined. Such evaluations
can show how well students are working together and
collaborating to solve a problem. Such mapping may
also reveal how well diverse groups come together
across gender, race, and age, by mapping the physical
patterns in learning based on where students choose to
be or who they choose to be with. Then evaluations
can be made about the type of thinking and learning
that occurs in each space.

Interdisciplinary collaboration in the design and
assessment of outdoor learning landscapes enables
us to offer students of all ages rich, complex, and
educative possibilities. Places of outdoor learning of-
fer critical opportunities to build understanding at
multiple levels: visitors of all ages can find new ways
to engage with the natural world, leading to in-
creased comfort and enjoyment or emerging inquis-
itiveness and substantive new learning; designers gain
opportunities to shape spaces that will be animated
by the engagement of diverse leaders and learners,
resulting in a continually evolving creative learning
space; educators immersed in new ways of learning
in landscapes like the NC Zoo and the Hub Farm
can take this same learning to their own K-12 stu-
dents; research scientists experience a place to exam-
ine their own questions of science in collaboration
with citizen scientists and opportunities to test their
powers of communication and contribute to a more
educated populace.
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Synopsis Today’s conservation challenges are complex. Solving these challenges often requires scientific collaborations
that extend beyond the scope, expertise, and capacity of any single agency, organization, or institution. Conservation
efforts can benefit from interdisciplinary collaboration, scientific and technological innovations, and the leveraging of
capacity and resources among partners. Here we explore a series of case studies demonstrating how collaborative
scientific partnerships are furthering the mission of the US Fish and Wildlife Service (USFWS), including: (1)
contaminants of emerging concern in the Great Lakes Basin, (2) Poweshiek skipperling conservation, (3) using
technology to improve population survey methods for bats and monarch butterfly, and (4) Big River restoration
in the Southeast Missouri lead mining district. These case studies illustrate how strategic and effective scientific
collaboration is a multi-stage process that requires investment of time and resources by all participants. Early coor-
dination and communication is crucial to aligning planned work with scientific and decision-making needs.
Collaborations between USFWS and external scientists can be mutually beneficial by supporting the agency mission
while also providing an avenue for innovative research to be directly applied in conservation decisions and man-
agement actions.

Introduction All USFWS programs have a role in accomplishing

The US Fish and Wildlife Service (USFWS) man-
ages National Wildlife Refuges, protects and recov-
ers endangered species, manages migratory birds,
conserves nationally significant fisheries, and enfor-
ces federal wildlife laws. Many of the conservation
challenges faced by the USFWS necessitate active
engagement of stakeholders and scientific experts
to achieve the agency mission. Notably, the agency
mission of the USFWS—working with others to
conserve, protect, and enhance fish, wildlife, and
plants and their habitats for the continuing benefit
of the American people—emphasizes the involve-
ment of partners in the conservation of the nation’s
natural resources.
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the agency mission. Programs such as Ecological
Services, Migratory Birds, and Fish and Aquatic
Conservation do so through implementation of pol-
icy, development of conservation and restoration
strategies, restoration and protection of habitats
and species, and evaluation of the success of conser-
vation actions and strategies. There is a scientific
basis to all of these activities. Whereas the USFWS
workforce maintains a wide breadth of scientific ex-
pertise, the agency does not house experts in all nec-
essary fields to address all possible complex and
emerging conservation issues and thus often relies
on external scientists to serve as technical experts
(USFWS 1994). Furthermore, conservation and

Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology 2018.
This work is written by US Government employees and is in the public domain in the US.


Deleted Text: .
Deleted Text: .
Deleted Text: Working 
Deleted Text: Programs 
https://academic.oup.com/

Innovative conservation through partnerships

recovery efforts often benefit from input from di-
verse perspectives and skill sets offered by a combi-
nation of agency and external scientists (Asquith
2001; Boersma et al. 2001; Gerber and Schultz
2001; Stinchcombe et al. 2002).

The responsibility of the USFWS to inform policy,
conservation strategy, and management decisions
with sound science makes collaboration with external
scientists instrumental to accomplishing effective
conservation. Additionally, many opportunities exist
for external scientists to proactively engage the
USFWS as a means to move their work from theory
to practice. A more complete understanding by aca-
demic scientists and students of the breadth of op-
portunities to interface with agency scientists and
subsequent adoption of an effective approach for de-
veloping collaborative science partnerships can lead
to increased visibility and relevancy of their work to
the public.

Engagement with external scientists

The USFWS interfaces in multiple ways with scien-
tists from numerous sectors of the conservation field,
including academic institutions, non-governmental
organizations, state agencies, tribes, and other federal
agencies. Modes of engagement with external scien-
tists can vary from relatively brief collaborations,
which can include data collection exercises, informa-
tion sharing through meetings, and participation in
webinars on topics of mutual interest, to more for-
malized and complex partnerships focused on devel-
oping conservation strategies or original research. In
this discussion we distinguish formal or informal
collaborative science partnerships from general col-
laborative activities with external scientists based on
a longer duration, shared objectives, and higher level
of resource investment by all parties.

Collaboration for data collection refers to compil-
ing existing empirical and anecdotal data as well as
eliciting and incorporating knowledge and opinion
from subject matter experts. Data collection is ac-
complished through participatory exercises such as
working groups and structured expert elicitation.
Working groups are formed to address specific con-
servation issues or prioritization needs through in-
teractive discussions, strategy development, and
product creation. The membership of working
groups typically includes individuals who are experts
in species biology, specialists in applicable laboratory
or field methodologies, members of diverse stake-
holder groups, and specialists that bring to the effort
interdisciplinary and technical skills that are value-
added for addressing the issue at hand.
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Expert elicitation is a data collection process that
enables the inclusion of expert opinion and profes-
sional judgment while reducing bias, quantifying un-
certainty, and allowing for peer review through
structured processes (Burgman et al. 2011; Martin
et al. 2012; Drescher et al. 2013). Use of expert
knowledge is advantageous, or even essential, when
empirical data are lacking either because complex
conservation issues have not been thoroughly studied
or there is an imminent need to understand and act
on emerging conservation issues. The latter is often
the case when addressing threats to imperiled spe-
cies. For example, structured expert elicitation has
been used in the conservation of at-risk species to
rank threats (Donlan et al. 2010), evaluate impacts
from specific threats (Frick et al. 2017), and provide
parameters to inform demographic population mod-
els (Oberhauser et al. 2016).

Collaborative science partnerships between the
USFWS and external scientists differ from data col-
lection exercises in that they result in generation of
data, techniques, and relevant knowledge to further
the conservation of federally protected species, at-
risk species, or their habitats, as well as to inform
restoration and management efforts. Projects can be
undertaken to address priority information needs
identified by working groups or during expert elici-
tation, or they can be developed independently by
agency biologists and collaborators. Agency scientists
and collaborators work together to understand con-
servation issues, define project goals and objectives,
identify useful products and science delivery tools,
convene teams of scientists with the expertise to
achieve project goals, and secure sufficient financial
and logistical support for project implementation.

The USFWS invests in priority science initiatives
through allocation of funding and in-house scientific
expertise. For example, the USFWS has allocated
$40 million since 2008 to fund bat and white-nose
syndrome (WNS) related surveillance and monitor-
ing, research, and management activities. This
includes $30 million in grants to other federal, state,
provincial, and non-governmental agencies (https://
www.whitenosesyndrome.org/research-monitoring).
Additionally, since 2010, the USFWS has managed
more than $256 million in funds from the Great
Lakes Restoration Initiative (GLRI), both to directly
implement conservation as well as to collaborate
with partners to address data gaps and evaluate en-
vironmental conditions.

In addition to funding provided by the agency to
support collaborative science initiatives, USFWS sci-
entists actively engage with partners in studies and
data analyses to understand species biology, evaluate
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threats, and develop new techniques and tools.
Recent collaborative projects completed in the
Midwest Region of the USFWS involving agency sci-
entists include work on: identification and assess-
ment of threats to federally listed and at-risk
species and their habitats (ThogMartin et al. 2012a,
2012b, 2013, 2017b; Erickson et al. 2016; Daniel et al.
2017; Strobel and Giorgi 2017); habitat conservation
actions (Thogmartin et al. 2017a); adaptive manage-
ment strategies for federally listed species (Moore
et al. 2011); species ecology and distribution
(Russell et al. 2014; Clymer and Blanchong 2016);
impacts of environmental contaminants on wildlife
and natural systems (Simon and Morris 2009; Weber
et al. 2015; Simon et al. 2013; Eidels et al. 2016); and
large-scale prioritization of conservation actions
(Januchowski-Hartley et al. 2013; Daniel et al. 2017).

Considerations for developing
partnerships

Establishing strategic science partnerships requires an
investment of time and resources by all partners and
a clear understanding of expectations, goals, resour-
ces, and modes of delivery. The early stages of part-
nership development can be conceptualized as a
stepwise process, although the progression is rarely
truly linear or the steps strictly sequential. Viewing
the process as steps (Fig. 1) ensures that consider-
ation is given to all stages and allows emphasis to be
placed on pivotal components as appropriate, such
as early communication with resource managers.

The early stages of development, while vital to the
overall success of the partnership, can be underval-
ued and overlooked. For example, it is during the
stage of Initial Coordination that agency scientists
and external collaborators can engage in active dialog
to ensure that future work is relevant to current
conservation issues and useful to conservation
practitioners. Such early communication facilitates
well-aligned research that minimizes the research-
implementation gap (Knight et al. 2008) and
maximizes the likelihood that research will have an
instrumental impact directly influencing policy de-
velopment, regulatory decisions, or deployment of
conservation resources (Rudd et al. 2011; Rudd
2011).

Case studies of collaborative science partnerships

To illustrate the USFWS’s engagement in interdisci-
plinary science partnerships that facilitate achieve-
ment of the agency mission, we present case
studies from the Midwest Region of the USFWS.
The case studies highlight some of the contemporary
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conservation issues faced by the USFWS giving in-
sight into the breadth of the agency’s science needs
and providing examples of various ways that external
scientists have interfaced with agency scientists.
Additionally, the case studies demonstrate how effec-
tive, mutually beneficial partnerships directly inform
resource management because of deliberative and
strategic approaches to development.

Contaminants of emerging concern in the Great
Lakes Basin

The GLRI, launched in 2010, provides guidance and
support for actions to help restore and sustain the
health of the Great Lakes ecosystem in the Upper
Midwest of the United States (https://www.glri.us/).
One focus of GLRI is to identify potential impacts to
fish and wildlife from contaminants of emerging
concern (CECs), including pharmaceuticals, personal
care products, and new agricultural and industrial
chemicals, and their byproducts. CECs are ubiqui-
tous throughout the Great Lakes, yet in 2010 little
was known about their extent and impacts (Choy
et al. 2013; Elliott et al. 2017).

Biologists from USFWS partnered with other fe-
deral and state agencies, academia, and independent
specialists to understand the extent of CEC contam-
ination (Phase I 2010-2015) and impacts to natural
resources (Phase II 2015-2020) in order to manage
and sustain natural resources for current and future
generations. Collaborations among federal agencies
(e.g., USFWS, US Environmental Protection Agency
[EPA], US Geological Survey [USGS], US Army
Corps of Engine ers, and National Oceanic and
Atmospheric Administration) have created an oppor-
tunity to leverage limited resources, harness individ-
ual expertise, and address each agency’s mandates
while achieving mutual goals. In addition to contrib-
uting to the integrated work among federal agencies,
USFWS is specifically assessing population-level
impacts of CECs to USFWS trust resources including
fish, migratory birds, and threatened and endangered
(T/E) species. Collaborative work includes ongoing
field and laboratory studies to assess how CECs af-
fect reproduction and fitness of various taxa
(Thomas et al. 2017; Jorgenson et al. 2018): fish
with St. Cloud State University, St. Thomas
University, Michigan Department of Natural
Resources, and Wisconsin Department of Natural
Resources;  freshwater mussels with  Central
Michigan University; and birds with Dr. James
Ludwig. Initial studies focused on common species,
but new techniques are being developed to allow
non-lethal sampling and modeling to assess T/E
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Initial Coordination

Develop foundational
relationships with key
collaborators

Clearly define expectations of
collaborators

Form well-aligned and
relevant project concepts

Think strategically about the
most useful products for
science delivery
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Define the Pro_]ect Scope

Primary objective that meets
agency needs, but can also
serve as an umbrella for
pursuit of additional
investigations

Complementary objectives
can add scientific merit and
align with academic interests
of collaborators

Expand scope in parallel with
growth of the research team

Consult readily available
information to learn about
information needs (e.g.
recovery plans, 5-year
reviews, restoration plans,
species-specific web pages)

Contact agency staff in field
stations (e.g. Ecological
Services Field Offices,

National Wildlife Refuges,

Species Recovery Leads)
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Fig. 1 Partnership development is a cyclical, adaptive process, but the early stages can be viewed in a stepwise manner to facilitate
thorough consideration of foundational elements. Communication and engagement between collaborators and USFWS scientists at
each stage, from project conceptualization to acquisition of resources, serves to maximize mutual benefits and likelihood of successful

implementation.

species. USFWS and partners are using empirical
data from laboratory and field studies to evaluate
CEC sensitivity, including chemical characterization
with Southern Illinois University and cell receptor
sensitivity with St.  Cloud State University.
Modeling exercises are being conducted by the
University of Minnesota and Ball State University
to validate CEC population impacts, and by USGS
to validate watershed hazard assessments by evaluat-
ing the presence and occurrence of CECs throughout
the Great Lakes Basin.

USFWS will use results from the suite of studies
to inform resource management decisions by provid-
ing sublethal population-level assessments of CEC
risks to trust resources, including T/E species.
Preliminary results suggest that CECs are contribut-
ing to sublethal effects on fish and may lead to
population-level declines (Thomas et al. 2017;
Jorgenson et al. 2018). Results will be disseminated
through outreach to federal, state, tribal, and local
natural resource managers and the public. In addi-
tion, federal agencies will produce an Integrated
Report assessing CEC impacts that provide man-
agement recommendations in 2020. Further,
USFWS and collaborators are producing peer-
reviewed articles for technical audiences. With lim-
ited resources, it is more important than ever for
resource managers to understand the stressors

which may impact vulnerable species populations
to help prioritize areas best suited for restoration
and conservation efforts. These studies will provide
information regarding potential population-level
impacts of CECs enabling managers to select opti-
mal conservation and management practices in or-
der to avoid further population declines, future
listing of imperiled species, and loss of trust resour-
ces for the continued benefit of current and future
generations.

Lessons learned—GLRI exemplifies how a large,
well-coordinated partnership can address complex,
large scale conservation issues to achieve the mis-
sions of multiple agencies. Implementation of a res-
toration project with a broad scope requires
scientific expertise of equivalent breadth that is har-
nessed through continuous coordination and clearly
defined goals, objectives, and actions. The initiative
has been successful through assembly and engage-
ment of numerous, appropriate agencies, and organ-
izations while still capitalizing on the expertise of
individual scientific experts. Whereas coordination
can present challenges, engagement of an extensive
suite of collaborators has maximized the cumulative
financial and logistical capacity that has been
brought to bear. The success of GLRI has hinged
on mutual investment of time, human capital, and
tangible resources.
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Poweshiek skipperling conservation strategy

Until recently, the Poweshiek skipperling (Oarisma
poweshiek), a small butterfly that occurred histori-
cally in tallgrass prairie and prairie fens, was
regarded as “the most frequently and reliably en-
countered of the prairie-obligate skippers” in the
Upper Midwest, but now faces a high risk of extinc-
tion (Dana 2008). This species is now known only
from approximately 1% of the sites where it previ-
ously occurred in Wisconsin and Michigan, USA,
and Manitoba, Canada. The USFWS listed the
Poweshiek skipperling as endangered under the
Endangered Species Act (16 U.S.C. 1531 et seq.)
(ESA) in 2014 (USFWS 2014). A multi-agency part-
nership was created in 2015 to develop a conserva-
tion strategy for the Poweshiek skipperling, the basis
of which would be development of protocols to fa-
cilitate captive rearing, augmentation of existing
populations, and, eventually, reintroduction of the
species to sites within its historical range (Smith
et al. 2016; USFWS 2016, 2017).

The USFWS convened a workshop with partner-
ing agencies and researchers in October, 2015, at the
Minnesota Zoo, Apple Valley, Minnesota, USA, to
assess ex situ rearing as a conservation tool for
Poweshiek  skipperling.  Scientists ~ with  the
International Union for the Conservation of Nature
(IUCN)  Species  Status Commission  (SSC)
Conservation Breeding Specialist Group (CBSG) fa-
cilitated the workshop in which the group of scien-
tists provided data, professional opinion, and
biological expertise on potential recovery tools.
Experts recommended a strategy that incorporated
both short-term and long-term measures, including
a head-start program, surrogate research using the
closely related Garita skipper (O. garita), and an in-
surance population program (Delphey et al. 2016;
Smith et al. 2016). A suite of collaborators are con-
ducting complementary research on breeding and
husbandry techniques, larval host preferences, and
pesticide tolerance using closely related species to
support ex situ management. Additional research
projects on habitat restoration and pesticide risk
assessments are occurring at extant and potential
reintroduction sites to determine suitability for
reintroductions.

Development of complex conservation and recov-
ery strategies requires cooperation between the
USFWS, State of Michigan, Michigan Natural
Features Inventory, Springfield Township in
Michigan, Minnesota Zoo, The Nature Conservancy
(TNC) of Canada, Assiniboine Park Zoo, Central
Michigan University, University of Winnipeg,
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Minnesota Department of Natural Resources,
Minot University, Milwaukee Public Museum,
Wisconsin Department of Natural Resources, New
College of Florida, independent researchers, and
private landowners. The Poweshiek Skipperling
Conservation Strategy project is in its second year
(Smith et al. 2016). After 5years, USFWS biologists
will evaluate captive rearing and reinforcement
actions by comparing population trends post-
release to trends observed from 2011 to 2016.
They also will evaluate survival from egg to release
while in captivity to determine whether it is likely
to exceed an estimated 3% survival rate in the wild,
based on that of another rare butterfly (Lambert
2011).

The USFWS and partners will take immediate ac-
tion to prevent the extinction of the Poweshiek skip-
perling by augmenting populations at two to three
sites using head-started, captive-reared individuals
(Smith et al. 2016). This action is intended to stabi-
lize declining population trends and increase growth
rates of current populations through reinforcement
and protection of populations and will be supported
with appropriate habitat management (Smith et al.
2016; USFWS 2016, 2017). The ultimate goal of the
Poweshiek Skipperling Conservation Strategy project
is recovery of the species according to measureable
criteria defined in the reintroduction and propaga-
tion plan (Smith et al. 2016), the conservation strat-
egy (USFWS 2016), focal species action plan
(USFWS 2017), and in the future recovery plan (in
development).

Lessons learned—The effort for Poweshiek skip-
perling recovery demonstrates how input from exter-
nal scientists is included in multiple stages of
imperiled species recovery programs, from work-
shops with experts to identify conservation actions
to targeted research on key aspects of biology and
threats. Because agency and external scientists
worked together during the initial coordination stage
of project development, the scope of research being
undertaken is well-defined and highly relevant to
implementation of the overall conservation strategy.
The effort involves the agency scientists responsible
for coordinating the program as well as experts from
academia and conservation organizations who are
intimately familiar with the species’ biology.
Success of the partnership is further demonstrated
through the development of innovative techniques
and approaches that are being applied to the
Poweshiek skipperling as well as other imperiled
grass skippers (Delphey et al. 2017; Runquist and
Nordmeyer 2018).
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Counting bats and butterflies using LiDAR

Bats and butterflies may seem to have relatively little
in common. Yet scientists who need to quantify their
numbers face similar challenges. The USFWS uses
data on status and trends for populations of imper-
iled species to evaluate threats, make listing deci-
sions, and develop recovery plans and recovery
criteria. Traditional approaches to quantify popula-
tions tended to rely on census measures, sampling,
and statistical techniques to infer an estimate of pop-
ulation size. However, some species are particularly
difficult to count due to unique behaviors, detection
challenges, environmental conditions, and sheer num-
bers. Gregarious hibernating bats and monarch butter-
flies (Danaus plexippus) overwinter in large numbers in
highly dense, three-dimensional clusters presenting the
opportunity to measure populations when they congre-
gate during their overwintering seasons.

The gray myotis (Myotis grisescens) and Indiana
myotis (M. sodalis) are two of the seven federally
listed bat species in the United States. Many deci-
sions about conservation efforts and recovery status
of these species are based on winter survey data ac-
quired while bats are hibernating in caves and mines
(e.g., USFWS 1982, 2007). Traditional survey meth-
ods of hibernating populations, which can number
in the thousands or hundreds of thousands, are
plagued with biases because of irregularities in sub-
strate, roosting behavior, and low repeatability
among survey years, and have the potential to cause
excessive disturbance (Thomas and LaVal 1988). The
level of disturbance caused to hibernating bats cou-
pled with the high uncertainty of traditionally ac-
quired estimates necessitates a reevaluation of
methodologies and modern technological tools have
shown promise as an alternative (Azmy et al. 2012;
McFarlane et al. 2015; Shazali et al. 2017).

Similarly, overwintering sites for monarch butter-
flies in high-elevation forests of central Mexico hold
upward of 10 million or more monarchs clustered
over the surface of a few trees (Urquhart and
Urquhart 1976; Brower 1977). Since the early
1990s, efforts to estimate populations have been led
by World Wildlife Fund-Mexico, in collaboration
with the Mexican Secretariat of Environment and
Natural Resources (Secretaria de Medio Ambiente y
Recursos Naturales), the National Commission for
Protected Areas (Comision Nacional de Areas
Naturales Protegidas), and the Monarch Butterfly
Biosphere Reserve. Biologists have used the occupied
surface area of the colonies, a hectare-based estimate,
as an index of population size (Rend6n-Salinas and
Tavera-Alonso 2014). Various methods have been
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attempted to count individual overwintering mon-
archs, including capture—mark-recapture techniques
(Calvert 2004), netting and removal of occupied
branches from trees (Calvert 2004), and drawing
inferences from storm mortality events (Brower
et al. 2004). Still, a 95% credible interval ranging
between 2.4 and 80.7 million monarchs per hectare
indicates that much uncertainty remains regarding
absolute numbers (Thogmartin et al. 2017¢).
Recognizing the potential benefits from a parallel,
collaborative approach, USFWS scientists initiated a
unique, interdisciplinary partnership to leverage
resources and expertise, and explore technological
solutions to address a common problem between
bats and butterflies. Currently, efforts are underway
to use Light Detection and Ranging (LiDAR)—laser-
based tools for measuring three-dimensional
structures—and other technological approaches to
estimate population sizes. In partnership with the
Center for Design Innovation, Winston-Salem State
University, TERC, and the USGS, a team of biolo-
gists, quantitative ecologists, engineers, and outreach
specialists are drawing from tools typically used in
the fields of architecture or historical preservation to
explore new methods to quantify the volume occu-
pied by overwintering bats and monarchs, which can
then be used to estimate abundance. Results will di-
rectly inform the conservation and management of
imperiled bats and monarch butterflies and will be
communicated to the public through traditional sci-
entific channels as well as through outreach tools
and programs targeted to a broader audience.
Lessons learned—The foundational relationships
that have facilitated the notably swift and innovative
work of this partnership were developed during initial
coordination. FEarly coordination and transparent
communication between agency and external scien-
tists served to clearly define expectations of all part-
ners and identify desired outcomes and products. The
progression of development of the bats and butterflies
LIDAR project also illustrates the non-linear, often
cyclical process of project development, with the
scope evolving as more diverse expertise and creative
lines of thought are introduced to the team. In this
case, the original project that focused on hibernating
bats was expanded to include monarch and effectively
maximized the efficient use of resources, breadth of
scientific capacity, and overall conservation impact.

Big river restoration in the southeast Missouri lead
mining district

In the Big River and Meramec River watersheds of
the southeast Missouri Ozarks, the largest historic
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lead mining district in the United States intersects
with one of the most diverse aquatic riverine ecosys-
tems in the Upper Mississippi Basin with some un-
fortunate results. Researchers through the decades
have documented impacts to aquatic biota, including
mussels, associated with heavy metal contaminated
sediments. The Old Lead Belt, which drains into
the Big River in southeast Missouri, produced several
millions of tons of mine and mill waste that have
eroded into the Big River and its tributaries since the
mid-1800s. Of specific concern to the USFWS are
four federally listed mussel species that contribute
to the diversity of the area. This unfortunate circum-
stance for benthic biota has been a rich setting for
the USFWS, other agencies, and researchers have col-
laborated on research to understand the extent of
impacts and restore habitats necessary to support
aquatic organisms.

Modern scientific investigations of lead impacts
began in the Big River in the late 1970s after a storm
event caused a large scale release of lead mill waste
(approximately 50,000 cubic meters) into the river.
Early research by the Missouri Department of
Conservation (MDC) and USFWS investigated dis-
tribution of freshwater mussels and uptake of heavy
metals in mussels and other benthic biota following
this event (Buchanan 1980; Schmitt and Finger 1982;
Czarnezki 1985). Based on threats to human health
identified through the investigation, the Missouri
Department of Health and Senior Services
(MDHSS) issued an advisory against consuming cer-
tain benthic fish species for over 170km of the Big
River. Furthermore, researchers documented toxic
levels of lead-contaminated sediment in the Big
River that extend over 170km to its confluence
with the Meramec River (Schmitt and Finger 1982;
Roberts et al. 2010; Pavlowsky et al. 2017).
Identification of the severity and extent of impair-
ment to the river were a springboard for developing
a partnership between federal and state agencies, ac-
ademic institutions, contractors for the mining com-
panies, and TNC.

A suite of collaborative research projects contrib-
uting to the Big River restoration effort were under-
taken as part of a Natural Resource Damage
Assessment of the area. A major focus of the assess-
ment was to determine which benthic organisms
were adversely affected by metal toxicity versus ad-
verse effects from other habitat factors such as ex-
cessive sediment load, point source discharge, and
agricultural or urban land use. From 2008 to 2017
scientists from USFWS, USGS, MDC, Missouri
Department of Natural Resources, Missouri State
University, and University of Missouri designed
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and implemented cohesive and complementary stud-
ies to identify impacts to mussels, crayfish, riffle-
dwelling fish; document the extent of contamination
in sediment and the floodplain; and identify drivers
of mussel distribution. One such series of consecu-
tive studies included a quantitative evaluation by
USFWS of mussel populations and correlations
with sediment contamination, a USGS evaluation
of toxicity to juvenile mussels and amphipods from
sediments collected from the same locations as a
field evaluation conducted by USFWS (Besser et al.
2009; Roberts et al. 2010); an evaluation by USGS
and MDC of impacts to crayfish density and in situ
toxicity (Allert et al. 2009; McKee et al. 2010); an
evaluation by USGS and USFWS of habitat factors
that dictate freshwater mussel distribution (Albers
et al. 2016; Roberts et al. 2016); and documentation
of the longitudinal and vertical extent of sediment
contamination in stream and floodplains by
researchers at Missouri State University (Pavlowsky
et al. 2017). Ultimately, the purpose of all investiga-
tions is to inform clean-up decisions and restoration
methods beneficial to mussels and other aquatic life
in the Big River and Meramec River basins.

Lessons learned—Partnership development for the
Big River Restoration Project followed an ideal pro-
gression through the stages of collaborative defini-
tion of the project scope, assembling the necessary
team of scientists, and pooling resources to ensure
that research goals and objectives were met. Because
of the extensive scope of work to be completed, once
collaborators identified and prioritized research
needs, individual projects, or activities within a proj-
ect, were completed by agency or academic scientists
with the appropriate expertise and resources. The
approach maintains a focus on injury assessment
and restoration for the purposes of the Natural
Resource Damage Assessment, yet provides informa-
tion that will inform clean-up decisions for EPA, and
provides sufficient flexibility for external scientists to
engage in aspects of the effort that meet their aca-
demic interests.

Conclusions

Effective, science-driven conservation is accom-
plished through strategic partnerships and continu-
ously evolving collaborations. Case studies from the
Midwest Region of the USFWS are a small represen-
tation of the wide breadth of investigations and anal-
yses occurring across the agency that would not be
possible without engagement of diverse external sci-
entists. These case studies also illustrate how atten-
tion to key stages of partnership development can
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result in relevant, well-aligned research. Partnerships
between USFWS and external scientists can be
viewed as mutually beneficial in that they facilitate
accomplishment of the agency mission while provid-
ing an avenue for innovative research to have a di-
rect influence on conservation decisions.
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Synopsis Citizen science is a growing phenomenon. With millions of people involved and billions of in-kind dollars
contributed annually, this broad extent, fine grain approach to data collection should be garnering enthusiastic support
in the mainstream science and higher education communities. However, many academic researchers demonstrate distinct
biases against the use of citizen science as a source of rigorous information. To engage the public in scientific research,
and the research community in the practice of citizen science, a mutual understanding is needed of accepted quality
standards in science, and the corresponding specifics of project design and implementation when working with a broad
public base. We define a science-based typology focused on the degree to which projects deliver the type(s) and quality
of data/work needed to produce valid scientific outcomes directly useful in science and natural resource management.
Where project intent includes direct contribution to science and the public is actively involved either virtually or hands-
on, we examine the measures of quality assurance (methods to increase data quality during the design and implemen-
tation phases of a project) and quality control (post hoc methods to increase the quality of scientific outcomes). We
suggest that high quality science can be produced with massive, largely one—off, participation if data collection is simple
and quality control includes algorithm voting, statistical pruning, and/or computational modeling. Small to mid-scale
projects engaging participants in repeated, often complex, sampling can advance quality through expert-led training and
well-designed materials, and through independent verification. Both approaches—simplification at scale and complexity
with care—generate more robust science outcomes.

Introduction BeachCOMBERS, BeachWatch, and COASST
On December 22, 2014, Virginia started her sixth  beached bird survey programs conducted over 1650
beached bird survey near Ocean Shores, standardized, effort-controlled surveys at 264 sites

Washington. Trained only 2 months previously, she
was still on the learning curve. In fact, she got a lot
of practice that day. Virginia and her survey partner
found 425 carcasses in less than a kilometer, and
photographed, tagged, and identified all of them.
This single survey marked the peak of the largest
marine bird mass mortality event ever documented
in the Pacific Northwest of the United States (Jones
et al. 2018). A documentation only possible because
more than 500 trained participants of the

Advance Access publication July 2, 2018

from Morro Bay, CA to Neah Bay, WA. At the
same time, program experts verified carcass identifi-
cation from the collected evidence (photographs,
standard measurements, foot type). Finally, almost
20 scientists, including oceanographers, atmospheric
scientists, marine ecologists, veterinary pathologists,
and seabird biologists brought their expertise to bear
in determining the extent, intensity, and causality of
the event. In this story, citizen science and science
are synonymous. Is this the norm, or the exception?

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.
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Exposing the science in citizen science

In this paper, we examine the attributes of citizen
science leading to rigorous and robust science.

We define citizen science as projects in which
members of the public engage directly in research
developed by or with scientists to address particular
questions and/or issues (Irwin 1995; Bonney et al.
2009a). Because the term “citizen” can be politically
problematic and the term “volunteer” is not always
appropriate, we refer to individuals directly involved
in citizen science projects and not including project
staff as “participants.” Within natural science, fields
utilizing citizen science already include: archaeology
(Bovy et al. 2016), astronomy (Fortson et al. 2012),
biochemistry (Eiben et al. 2012), ecology (Dickinson
et al. 2010), geography (Goodchild 2007), geology
(Powell et al. 2013), and oceanography (Hays et al.
2005). This diversity might suggest that academic
and professional science is broadly accepting of pub-
lic involvement; however, recent studies indicate that
the mainstream scientific community remains skep-
tical of the public as a trusted source of scientific
information (Riesch and Potter 2014; Burgess et al.
2017). In many cases, these misgivings are rooted in
the demonstration that non-experts in a citizen sci-
ence program do not always perform a scientific task
(usually data collection) to the standards desired by
researchers. Thus, the evidence that some citizen sci-
ence programs produce high quality data of imme-
diate use to science (e.g., Cooper et al. 2014;
Swanson et al. 2016) does not translate into the con-
clusion that all citizen science programs can.

Defining the goals

Many citizen science projects assert production of
data in service to science or resource management
as a goal. Theobald et al. (2015) found that 97% of
388 surveyed biodiversity citizen science projects
stated their primary goal was to contribute to science
and/or advance scientific understanding. However,
only 12% of projects had demonstrably contributed
to a science-focused peer-reviewed publication (one
measure of scientific contribution). Even if this pub-
lication rate is underreported due to “cryptic” use of
the term citizen science only outside of the abstract
and keywords if at all (Cooper et al. 2014), the dis-
crepancy suggests that there may be large differences
in what project managers, and research scientists,
consider evidence of scientific use. In assessing the
potential for bonafide science as an outcome of cit-
izen science, we invoke the concept of fitness to use
or fitness to purpose (Juran 1951), or the degree to
which the quality-related elements or activities of an
organization—here a citizen science project—can
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result in the declared purpose. Simply put, projects
claiming science as a primary goal or “purpose”
should adhere to accepted quality standards within
science (Wiggins et al. 2018).

However, science is not the only goal of citizen
science. Other common goals include education,
community empowerment, and personal fulfillment.
Science education and/or increasing science literacy
has long been a major thrust of citizen science pro-
gramming (Bonney et al. 2009b; Wiggins and
Crowston 2011). Community goals, often related to
environmental or social justice issues, are an explicit
outcome of community-based, community-driven,
and  participant  action  research  projects
(Wilderman et al. 2004; Cooper et al. 2007;
Danielsen et al. 2009). And for the individual par-
ticipant, personal fulfillment can include learning
goals, the desire to contribute to science, or simply
engaging in something enjoyable or fun (Raddick
et al. 2010; Wright et al. 2015).

While we recognize the value of citizen science to
both personal and societal outcomes, this paper
explores strategies for better ensuring projects can
meet declared goals based on scientific outcomes
(i.e., optimizing project fitness to scientific purpose).
Here we distinguish between the practice of science
(including authentic science experiences on the part
of the participants) and science outcomes (new in-
formation or knowledge, or applied work based on a
scientific understanding of how the world works),
where the latter must include the former, but the
reverse is not the case. Our goal is to facilitate
both acceptance and use of citizen science by the
professional science community, and intentional de-
sign of projects with science as a primary objective.
To that end, we: (1) present a science-focused typol-
ogy that differentiates projects based on intent and
activity; (2) define a process workflow to help iden-
tify design nexus points for science-focused projects;
and (3) discuss quality control approaches to maxi-
mize data quality as a function of project scale and
complexity.

A science-based typology of citizen
science

Existing typologies of citizen science pivot on the
degree to which participants are involved in tasks
other than data collection. Bonney et al. (2009b)
posited three points of project design along a con-
tinuum of interaction between scientist and partici-
pant. Contributory projects—also referred to as
virtual and/or investigative projects (Wiggins and
Crowston 2011), externally-driven monitoring with
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local data collectors (Danielsen et al. 2009), or dis-
tributed intelligence (Haklay 2013)—are designed by
the mainstream science community with the role of
data producer assigned to the public. At the other
end of the continuum are co-created projects which
involve participants in all stages of the scientific pro-
cess, and are often associated with particular com-
munities and specific concerns such as air or water
quality, as in ‘“extreme citizen science” or
community-based participatory science focused on
highly marginalized and often remote populations
(Haklay 2013; Stevens et al. 2014). In fact, there
are a range of projects which confer increasing power
and project ownership to non-scientist participants
including autonomous local monitoring (Danielsen
et al. 2009), community-based participatory research
(Wilderman et al. 2004), and more generally
“action” projects (Wiggins and Crowston 2011).
What often sets these projects apart is the explicit
movement of project results into the sphere of
decision-making and governance. In between these
poles are collaborative projects expanding partici-
pants roles beyond data collector, from contributing
to iterative versions of data collection protocols and
training of new recruits, to results interpretation and
defining the next phase(s) of the research (Cooper
et al. 2007).

What is apparent about most of these typologies is
that they are centered on the roles and degree of
control accorded to professional scientists versus
other participants. We suggest that a science-
focused typology aimed at classifying projects
according to their potential for inclusion in scientific
research and science-based decision-making is also
needed to guide the scientific community in identi-
fying projects applicable to their work. In lieu of a
meta-analysis systematically reviewing attributes of
all citizen science projects (e.g., the 1800 projects
currently listed in SciStarter.org), we generated our
schema through an iterative process that extended a
framework presented at the Waypoints of Science:
Scaling Design, Development and Delivery of
Citizen Science for Bonafide Science symposium
held at the Citizen Science Association meeting in
2017. Tterations were tested against: (1) all projects
(unique projects = 80) highlighted as examples in all
previous literature proffering a typology or categori-
zation of citizen science (i.e., see references above),
(2) the 388 biodiversity citizen science projects col-
lected in the Theobald et al. (2015) meta-analysis,
(3) projects managed directly by the authors, and
projects associated with and/or analogous to or du-
plicative of those projects (e.g., all projects focused
on beach habitats; projects focused on documenting
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phenology), and (4) all projects on data collection
platforms managed by the authors (e.g., in the
Zooniverse). In total, over 500 projects were tested
against our typology.

The right-hand branch of Fig. 1—no/minimal
data—is defined by projects for which the primary
intent is not data collection at a level or scale needed
to address an issue or question of scientific interest.
Education and awareness projects may well bring
members of the public into direct contact with prac-
ticing scientists for the first time, and may provide
individuals with authentic scientific experiences,
without contributing to the advancement of science.
Examples include the Lost Ladybug Project
(Gardiner et al. 2012) which focuses on youth pro-
grams to identify native and invasive ladybugs, and
the youth-focused intertidal project Long-term
Monitoring Program and Experiential Training for
Students, or LIMPETS (Ballard et al. 2017). In
both of these examples, hundreds of middle school
students annually gain authentic science experiences,
become more aware of scientific practice and envi-
ronmental issues, and may gain agency (permission
to act) and expand their identity through participa-
tion (Ballard et al. 2017). However, standardized,
effort-controlled, verifiable data at a spatio-
temporal scale equivalent to questions of scientific
interest are rarely produced. Non-data collection
tasks include a broad swath of activities where par-
ticipants may be deeply engaged in assistance toward
a goal that does not require the collection or proc-
essing of information, as in conservation action and
restoration projects (Bruyere and Rappe 2007).

The left-hand branch—data generated—separates
out projects where the primary intent is the creation
of information, or data in service of a scientific goal.
We define “data” as an abstraction—a measurement,
classification, and/or count that individually or col-
lectively characterizes an object, phenomenon, or
state—as well as the thing itself, as in a sample.
First, we divide projects by whether the participant
is directly engaged in thinking, or is giving tacit per-
mission for the use of “information and communi-
cation technologies” (Wiggins and Crowston 2011).
Passive participation ranges from computation, or
the use of networked desktops and laptops to parallel
process discrete “work packages” as part of big data
projects (e.g., SETI@home, Rosetta@home, climate-
prediction.net), to sensing, defined as personally car-
rying and/or housing automated sensors which
report data directly (e.g., Quake-Catcher Network,
where participants host seismic sensors on their lap-
tops; Cochran et al. 2009). Although science is
clearly being accomplished in both cases, the
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Fig. 1 A typology of citizen science separating projects according to scientific intent and participant activities. The first branching

separates projects by primary goal: generation of science outcomes (e.g., data generated) or other goals (e.g., education, community
empowerment, or personal fulfillment) for which data generation is possible but not necessary. Note any single branch point does not
define mutually exclusive space (e.g., awareness/education is possible on the left side of the tree, and deduction can be accomplished

virtually).

participant is passive in the sense of a non-thinking
contribution which can be accomplished without
specific understanding of how their participation
contributes to science.

By contrast, active participation requires partici-
pants to engage directly in one or more of the tasks
of the scientific process. Types of activity can be di-
vided into physical hands-on work and virtual citi-
zen science—where the latter is conducted entirely
through a computer interface, often online, whether
that is situated in a kiosk at a visitor’s center or in a
science museum, at home, or on a mobile device.
Virtual citizen science capitalizes on crowdsourcing,
a distributed production model that makes an open
call for contributions from a large, undefined net-
work of people (Howe 2006) to achieve both faster
task accomplishment and higher project-wide accu-
racy with no precondition or expectation of long-
term engagement.

Two basic approaches to crowdsourcing in service
of science include: multiple independent classifica-
tions and competitive solution formulation. In the
former, the accuracy of the individual participant is
secondary to the “wisdom of the crowd” emerging
through the use of voting or aggregation algorithms
(Fortson et al. 2012). Advanced algorithms account
for individual performance, assigning additional
weight to responses from participants who are
more accurate, and/or who contribute more (e.g.,
Marshall et al. 2016). Zooniverse—an online, crowd-
source classification platform currently hosting ~80
projects is the exemplar. Zooniverse participants can

choose to classify everything from camera-trapped
mammals in East Africa (Snapshot Serengeti) to
feather color from digital stills of museum specimens
(Project Plumage) to leaves on growing plants (Leaf
Targeting). By contrast, competitive solution formu-
lation uses the crowd to find the single best partic-
ipant, as in the protein structure game Foldit (Khatib
et al. 2011) or the multiple sequence alignment game
Phylo (Kawrykow et al. 2012). Task performance is
tied directly to recognition and thus a degree of
competition (e.g., Greenhill et al 2014), and the
“game” may become relatively distinct from the un-
derlying science.

Finally, hands-on citizen science is typified by a
wide range of projects from laboratory-based work
to field-based environmental science. These projects
include both monitoring and experimental studies,
all of which require physical collection of data.
Sample collection includes direct contact with the
sampled material, as in SoundCitizen, a water quality
project requiring participants to send in water sam-
ples for laboratory analysis (Keil et al. 2011); and/or
may simply be a geo-referenced, time-stamped pho-
tograph, as in CrowdWater, which collects hydrolog-
ical data based on photographs (Seibert et al. 2017).
In deduction, a decision is made based on the orig-
inal data or evidence collected (e.g., species identifi-
cation based on morphological characters), as in the
fish identification dive program Reef Environmental
Education Foundation Fish Survey Project (REEF;
Thorson et al. 2014). For verifiable deductions,
the decision reached by a participant can be
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independently verified; that is, an expert can evaluate
the collected evidence, as is the case with Earthwatch,
where experts are on-site with participants (Chandler
et al. 2012). Non-verifiable deductions can still have
high scientific value, especially when the volume or
scale of data collected is high or large, as is the case
for the Christmas Bird Count, or eBird (Sullivan
et al. 2014). In virtual projects, verification solutions
are implicit in the crowdsource approach.

Designing for science and citizen science

An increasing body of literature suggests that non-
professional participants engaged in hands-on, de-
ductive citizen science may underperform relative
to professionals. For example, project participants
tend to under-report common species and over-
report rare species (Kremen et al. 2011; Paul et al.
2014). Participants over-report easy-to-identify, fla-
shy, brightly colored or especially charismatic species
(Ward 2014; Boakes et al. 2016) and under-report
cryptic species (Cox et al. 2015). Non-professionals
are less likely to master non-visual survey methods
(e.g., acoustic surveys, scat surveys; Moyer-Horner
et al. 2012), and are more likely to collect informa-
tion non-systematically across the landscape (Boakes
et al. 2016). In contrast, a meta-analysis of 509 eco-
logical and environmental citizen science projects
(Pocock et al. 2017) found that “best quality of data”
was associated with in-person training, production
of associated materials (e.g., a protocol), and the
use of specialized equipment for data collection.

For citizen science to become an accepted form of
bona-fide science, intentional design with attention
to data quality is essential, including measures of
quality assurance (the procedures to enhance data
quality undertaken before and during data collec-
tion) and methods of quality control (the processes
for improving quality after data collection). Burgess
et al. (2017) found that biodiversity scientists over-
whelmingly agreed on the following quality assur-
ance  measures for  field-collected  data:
documentation of sampling location, time, and
date; effort control via known area and/or time en-
velope of sampling; verifiable data; and data collec-
tion personnel trained by an expert.

We abstracted the scientific process as a series of
steps (left side, Fig. 2) from project design through
to publication and use, that can be understood as
necessary in both science (flowchart in gray, Fig. 2)
and citizen science (flowchart in white, Fig. 2). The
design of any scientific project design involves the
selection of a sampling scale and a level of precision
for data collection that match the question or issue
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at hand, as well as selecting a minimum sample size
(N floor) that addresses the variability inherent in
the system. Once the data are collected, the post-
processing step involves refining an analytic ap-
proach suited to the data and the question. The final
step in science is presenting the work in a peer-
reviewed publication.

Quality assurance in citizen science

Citizen science as a method of science is not differ-
ent, but requires additional attention to aspects of
quality assurance. During project design, intentional
recruitment of target audiences can be key to suc-
cess. Individuals are differentially attracted to proj-
ects based on personal values and shared goals
(Evans et al. 2005; Rotman et al. 2012). Thus, mak-
ing project goals explicit allows individuals who may
have different, even antithetical, goals to consider
whether their needs are being met, perhaps selecting
another project more closely aligned to their own
world-view. Attention to ability, or level of content
knowledge and skill development as novice partici-
pants, is also essential. Projects are variably accessible
relative to physical ability, economic status, and time
available among other features (Pandya 2012).
Whether recruits can accomplish the work will also
vary as a function of their “distance” from the con-
tent and the complexity of the tasks (Jung et al.
2005; Kosmala et al. 2016). For instance, while
some projects attract hobbyists with a high degree
of skill and little need of formal training (e.g., bird-
ers, amateur astronomers—Jones et al. 2017a), many
projects attract a broad swath of interested non-
experts with little-to-no a priori training (Kelling
et al. 2015).

Within the realm of citizen science, project devel-
opment follows from the intersection of participant
ability and the sampling precision required by the
project, and includes two types of interaction with
participants: training and participant-specific materi-
als. While scientists prefer citizen science data col-
lected by projects with in-person expert training
(Burgess et al. 2017), online trainings can also be
effective (Masters et al. 2016), and may be the only
way to scale projects beyond local-to-regional geog-
raphies. Project materials include, at a minimum, a
well-developed protocol outlining all of the steps
needed to perform tasks successfully, and project-
specific tools (e.g., measuring equipment, data
sheets). Parrish et al. (2017) suggest serial refinement
of project materials—(in this case, a field key to
beached birds) by non-professional, non-experts in
the target audience in collaboration with project
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Fig. 2 The steps of science (listed sequentially at left) outlined as a flowchart. At each stage, the necessary elements inherent in all
science projects are highlighted in bold print and encased within the gray box across stages. Additional elements specific to citizen
science are highlighted in bold italics, and fall outside the gray box.

scientists—to identify and replace or explain jargon
and otherwise clarify materials. Co-creation and/or
refinement of the training, protocol, and associated
data collection materials among scientists, project
staff, and project participants can improve both data
quality and participant retention (Kim et al. 2011).
Attention to cost-effectiveness, including both the
price of provided materials and their durability, is
important because the scaled success of a project—
recruiting thousands of participants—should not
cause its financial failure nor exclude potential partici-
pants in disadvantaged circumstances.

In the delivery of the project, quality assurance
can be affected through participant testing and at-
tention to sampling. Testing participant knowledge
can be used to ensure that trainings are successful in
delivering both content and skill (e.g., pre-post test-
ing surrounding a training), as well as to ensure
continued quality as participants engage in the prac-
tice of project tasks; that is, do the work. For online
image classification projects, inserting a certain pro-
portion of images where the answer is already known
can create an accuracy baseline for each participant.
Such evaluation built directly into the normal flow

of activities (i.e., embedded assessment) can also
support timely feedback. For participants, under-
standing what they are doing incorrectly and how
to correct it, as well as recognition of correctly ac-
complished tasks, can be empowering and lead to
increased retention (Haywood et al. 2016). For proj-
ect designers, understanding process breakdowns is
essential for adaptively managing project training
and materials to maximize data quality, as well as
to understand the types and levels of error resulting
from hundreds to thousands of data collectors.
Although minimum sample size is set by system var-
iability, maximum sample size (N ceiling) should be
set relative to what individual participants can rea-
sonably be expected to contribute, multiplied by the
number of participants (minimally) in the program.
Because citizen science is, by definition, the work of
the many, attending to the sampling error inherent
in this design is important, and may further increase
sampling needs depending on whether participants
are collecting deductive data that is (or isn’t) backed
up by evidence.

Data ingestion is automatic in some projects (e.g.,
all passive participation and some virtual, and
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sample collection projects) such that transcription
error is non-existent. Virtual projects focused on clas-
sification (e.g., projects within the Zooniverse) mini-
mize transcription error via the crowdsource design of
multiple, independent classifiers for each task.
However, hands-on projects may provide participants
with the opportunity to input data they collect, intro-
ducing another source of error in the data. Mobile
technologies may offer solutions by automatically log-
ging some data (e.g., date, time, location, limited en-
vironmental data, and photographic evidence).

Quality control in citizen science

Within citizen science, post-processing prior to anal-
ysis offers many possibilities for post-hoc improve-
ment to data via quality control procedures, even
in cases where quality assurance has been relatively
weak. In Fig. 3, we conceptualize citizen science proj-
ects from those featuring relatively simple tasks re-
quiring little-to-no deductive reasoning on the part
of the participant (e.g., collecting a water sample,
collecting a photograph sample) to those requiring
participants to engage in complicated work requiring
advanced training, deductive reasoning, mastery
through practice, and/or a mental model of the sys-
tem (e.g., species identification, performing chemical
analyses on water quality samples). Orthogonal to the
axis of task complexity, we array projects as a func-
tion of scale, from local projects with relatively few
participants to projects that span regions (e.g., large
marine ecosystems, countries, or continents) up to—
at least theoretically—the globe. While not completely
interchangeable, projects with a larger geographic ex-
tent also tend to be those with higher participant
numbers (Theobald et al. 2015). Virtual projects,
which are effectively aspatial, can similarly scale in
participant numbers and total tasks completed.

For simple tasks (left side of Fig. 3), data quality can
be improved by “outsourcing” the thinking to scien-
tists, that is, restricting citizen involvement to straight-
forward sample collection tasks while scientists receive,
verify, catalog, and analyze the samples and the result-
ing data (ie., do the thinking). In the case of virtual
projects with numbers of participants (upper left quad-
rant of Fig. 3), data quality can be improved via
crowdsourcing tasks to multiple individuals, with task
completion automatically based on algorithm voting or
consensus metrics (e.g., species identification projects
on the Zooniverse platform). For example, Swanson
et al. (2016) found that crowdsourced (>10 people
classifying an image) identifications of images in
Snapshot Serengeti were slightly (97.9%) more accurate
than even expert identifications (96.6%). Algorithms
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can also identify individual players who are particularly
adept, or inept, and assign coefficients accordingly
(Hines et al. 2015), creating more accurate data
(Marshall et al. 2016)—akin to statistical pruning.
While outsourcing is constrained by scientific resource
time to smaller projects, crowdsourcing supports very
large projects with millions of images to be processed
(e.g., Lintott et al. 2008). Here, even inaccurate answers
can prove valuable information if a given participant’s
bias is systematic (Masters et al. 2016).

As task complexity increases at small project scales
(lower right quadrant of Fig. 3), options for quality
control shift toward expert intervention. On-site ex-
pert facilitation and mentoring is exemplified by
Earthwatch where scientists train, mentor, and re-
main on-site with participants throughout the tenure
of the project (Chandler et al. 2017). In independent
record verification, participants’ deductions are sub-
sequently verified via photographs or specimens. For
example, in the COASST program all species identi-
fications (marine birds) are independently verified by
experts via participant-collected primary evidence
(foot type, standardized measurements, scaled dorsal,
and ventral photographs), a process that improves
identification to species level from 83% (participant
rate) to 92% (Parrish et al. 2017). Verification can
also proceed at the local phenomenological level, as
in tracking the invasion front of the Asian tiger mos-
quito (Aedes albopictus) in Spain, where participant
reports via the Mosquito Alert app were indepen-
dently verified via ovitrapping (Palmer et al. 2017).

As project scales increase to continental and be-
yond (upper right quadrant of Fig. 3), quality con-
trol of individual data points may be less practical as
volume prohibits comprehensive expert review, but
statistical pruning, flagging, and other post hoc tech-
niques can weed out anomalous data points (e.g.,
mixed effect models and machine learning: Bird
et al. 2014; false-positive occupancy models: Pillay
et al. 2014), or computational models can be used
to create smoothed, interpolated versions of the orig-
inal data (e.g., spatiotemporal exploratory models:
Hochachka et al. 2012). In between, participant pro-
filing (e.g., trust metrics: Hunter et al. 2013;
occupancy-detection-experience model: Hochachka
et al. 2012) can be used to winnow or weight data
based on participants’ known performance levels;
however, this approach can introduce difficult deci-
sions about the ethics of selective data use.

Use beyond science

For most academics, the ultimate step is dissemina-
tion of results into the scientific literature (i.e.,
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“publication/use” step in Fig. 2), simultaneously val-
idating the work through review by scientific peers
while daylighting the work to the larger scientific
community. However, long-term maintenance of a
citizen science project requires two additional and
on-going steps: demonstrating that science is applied
as promised, and sharing the results with partici-
pants (Cox et al. 2015). For some projects, taking
results directly into “real world” decision-making
processes (e.g., conservation, resource management)
is the social contract that contributors make as a
precondition for participation (Haywood et al
2016). For place-based, environmental justice proj-
ects, such decision-making is the primary, even ex-
clusive, goal (Haklay 2013).

Finally, returning “results-at-scale” to participants
in suitable text and graphical forms (i.e., data stor-
ification and visualization, Fig. 2) can be essential to
participant retention (Cox et al. 2015). Species mi-
gration (e.g., eBird—Sullivan et al. 2014), the timing
of spring flowering (e.g., National Phenology
Network—Rosemartin et al. 2014), the occurrence
and location of extreme  weather (e.g,
CoCoRaHS—Gochis et al. 2015), the spread of dis-
ease across a population (e.g., Sea Star Wasting—
Montecino-Latorre et al. 2016), the extent of a ma-
rine bird mass mortality event (e.g., COASST—]ones
et al. 2017b)—these “data stories” are all patterns
that transcend the ability of a single participant to
directly observe the emergent pattern. Without these

stories, participants cannot “see” their own data as
contributing to the greater whole, and may be un-
aware of actual data uses. With these stories, partic-
ipants refer to the work as “purposeful and
powerful” and may be energized to take action,
from continued engagement to calling for conserva-
tion stewardship or other resource management out-
comes (Haywood et al. 2016).

Conclusions

Citizen science progresses through the actions of the
many. The collective work of hundreds to hundreds-
of-thousands creates datasets that bound phenomena
and address issues of scientific and management in-
terest at spatio-temporal scales otherwise unattain-
able (Theobald et al. 2015). With this promise
comes responsibility:

o from the scientific community to erase or at least
understand bias and to embrace well-designed,
scale-, and content-appropriate projects as a valid
source of information;

o from project designers to attend to the specifics of
quality assurance and quality control needed to
produce rigorous, high quality data, if science is
the primary goal;

e from project owners and managers to honestly
advertise the type of project, depth of participant
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engagement, and quality and limitations of project
data, and to ensure fitness to declared purpose;

o from participating scientists to follow through on
data use and data stories providing both the sci-
entific community and the participant corps and
their communities with results-at-scale;

e and from participants to choose projects wisely
according to their values and goals, to contribute
as much and as well as they can, and to hold project
managers to their declarations of purpose or intent.

Without judgment, we suggest the use of a science-
based typology to sort existing projects will increase the
“honest signaling” needed to help the mainstream sci-
ence community see and understand citizen science as
a bonafide method for generating legitimate scientific
outcomes. Furthermore, the degree to which the indi-
vidual participant: (1) understands and values the pre-
cision and accuracy required of the task(s) they are
performing; (2) applies “thinking” skills requiring mas-
tery of simple tasks to successfully perform more com-
plex ones (e.g., species identification); and (3) can
literally “see” their work (data collection or otherwise)
within the larger context defined by the science at scale,
will structure their degree of engagement and will im-
pact data quality. Because task performance is often
dependent on accrued experience within a project
(Kelling et al. 2015; Kosmala et al. 2016), the strategies
we have outlined herein (i.e., Fig. 2) support the
“learning curve” and improve retention by providing
transparency about project goals and data quality pro-
cesses that match fitness to purpose (Juran 1951).

Pocock et al. (2017) found that the recent 10%
per annum growth rate in ecological and environ-
mental citizen science has primarily been realized
through online projects with mass, often short-
term, participation in low-complexity data collec-
tion. Growth in field-based, hands-on approaches is
more difficult, but can return data on global change
impacts from climate to disease to invasions and
ecosystem change (Theobald et al. 2015). Thus, we
argue that both approaches—simplification at scale,
and complexity with care—are valid and valuable
strategies for citizen science projects to generate rig-
orous and robust science outcomes.
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